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~ Surface Structure Determinations of Ordered Sulfur Overlayers
v on Mo(100)and Re(0001) by Low-Energy
Electron Diffraction Intensity Analysis
_ N
David William Jentz
ABSTRACT
The surface structure of ordered sulfur overlayers on Mo(100) and Re(0001) was
deterrnined' by low-energy .electron diffraction (LEED) intensity analysis. A .newly
developed method for surface structure determination, tensor LEED, combined with an“
automated search was used to analyze the ’stmcﬁres presented. The structures on
Mo(100) were prepared Hy depositing sulfiir from an electrochemical source and annealing -
at the appropriate temperature. Thé' structures on Re(0001) were prepared by H,S
adsorption and subéequent dissociation to S and H, by annealing the sample at the
appropriate temperature. The LEED intensity versus energy (I-V) curves were acquired
with a video camera interfaced with a personal computer. The video camera and video
processor are discussed in detail. The computer programs used for the data acquisition -
and analysis are listed in the appendi){. |
The ordered structures of sulfur on Mo(100) which were studied formed a ¢(2x2),
¢(4x2), and p(2x1) peﬁodicities at coverages of 0.5, 0.75, 1.0 ML (monolayers, where 1.0
ML is deﬁﬁed as one sulfur atom per one molybdenum atom) respectively. A Mo,S-like
overlayer, which formed at cover_age's> greater than 1.0 ML, is also discussed. The
calculations for the c(2x2) structure gave a best fit geometry with the sulfur adsorbed in a
four-fold symmetric Hollow site and the secohd layer buékled by 0.09.& The S-Mo bond
length is 2.45A and the Pendry R-factor is 0.21. The préliminary calculations for the
c(4x2) structure did not yield an acceptable fit. The three models which were tried are

 discussed. The calculations for the p(2x1) data did not yield an acceptable geometry



either. The five different types of models that were tried are discussed. The implications of
| this analysis are discussed along with the results of a scanning tunneling microscopy
(STM) investigation. |

The ordered structures on the Re(0001) surface which were studied have p(2x2)
and (2V3x2V3)R30° periodicities and occurred at sulfur coverages of 0.25 and 0.5 ML
(where 1.0 ML is defined as one sulfur atom per one rhenium atom) respectively. The best
fit structure for the p(2x2) structure has the sulﬁ1r adsorbed in a three-fold hollow hcp site |
and exhibité, a buckling of the first and second Re layers. The first layer is buckled by
0.05A and the second layer is buckled by 0.06A. The Re-S bond length is 2.32A and the
* Pendry R-factor is 0.21. The preliminary results of the dynamical LEED investigation of
the (2V3x2V3)R30° structure show reasonable agreement with a model with a six sulfur
atom basis. | _' | |

The theoretical méthods used in the caldulations are discussed briefly. Also, a
review of clean reconstructed Mo(lOO), H/Mo(lOO), O/Mo(100), and S/Mo(100), is

presented.
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Chapter 1. The LEED Experiment

1.1. Introduction

Most investigators who study single crystal surfaces under ultra-high vacuum
(UHV) use low-energy el/gctron diffraction (LEED) to determine how well ordered their
surface is. They use LEED in a very qualitative Way, extrécting information about the
réciprocal lattice. However, a great deal of quantitative information can be obtained from
the study of LEED intensities, for instance the local bonding geometry, bond lengths,
adsorption sites, etc.. The difficulty of LEED intensity anaiysis lies in the need for a theory
which adequately treats the multiple scattering processes which can not be neglecté_d. A
| full multiple scattering LEED theory was devéloped in the late 1960's and early 1970's and
more than 150 structure determinations have been perfox_‘med since that time. ’The
calculatioﬁs required large mainframe computers and wére typiéally carried out by
. theoretical physicists. The community of surface scientists who were involved in either the
thedretiéal or experimental side of surface structure determination by LEED intensity
analysis was small. After twenty some years since the first surface structure calculations
were perforrhed, LEED calculations are bécoming accessible to a larger group of surface
scientists. This isﬁ due mostly to a recent advance in LEED theory - tensor LEED. This
method is relatively fast and has the advantage that if can run on a computer work station.
Now LEED calculations no longer have to be performed on supercomputers and more
importantly the programs have become more general and easier to use. So probably in the
future more experimentaliéts will attempt to analyze their data with the tensor LEED

programs.



The LEED éxperiment involves bombarding a highly ordered surface with a
monoenergetic beam of electrons and detecting the elastically back scattered electrons,
typically, with a fluorescent screen. Position-sensitive electron counters have also been
used to study electron beam sensitive overlayers and insulating surfaces [1.1]. The
diffracted electrons exit a highly ordered surface in well defined directions. These beams,
as-they are often called, strike the detector calising the phosphor to fluoresce; thereby A
forming a diffraction pattern on the ﬂuorescént screen. The symmetry and shape of the -
diffraction pattern and the diffraction spot intensities contain detailed information about
fhe long range order and the local bonding geometry of adsofbates on the surface. In
addition to atomic and molecular adsorbates, clean reconstructed surfaces of transition
metals and semiconductors also can be studied with this technique.

To analyze the intensities of the diffraction spots of a LEED pattern requires a ™
device, a video camera in our case, which can measﬁre the intensity of each diffraction
“spot in the LEED pattérn ‘that is displayed on a conventional LEED optics. In video LEED
the entire LEED pattern is imaged and recorded at each energy. An intensity vs. energy (I- -
V) curve is generated by measuring ihe intensity of each beam in the LEED pattern as a
function of iricident electron beam energy. These experimental I-V curves are compafed to
I-V curves which have been calculated for various model geometries. The model which
gives the best fit of the experimental data is taken as the correct surface structure.

This work attempts to explain the current developments in video data acquisition
of LEED I-V data and the subsequent analysis with a tensor LEED program which has

been run successfully on a work station.



1.2. Apparatus

1.2.1. LEED Optics

| The LEED apparatus used in this work was a conventional Varian four-grid LEED
optics which is illustrated in Figure 1.1. It is a retarding field analyier (RFA) Which can
also bé used as a déteétor for Aﬁger electron spectrbscopy (AES). It consists of four
concentric hemispherical grids and a. ﬂuofescent screen.anch of the grids aﬂd the screen
have a hole in its center to allow the electron-gun drift tube to be inserted. The first grid is
grounded internally to create a vi;tually field free region between the sample vand the
detector. The se;:ond and third grids are electrically connected. The purpose of these two

grids is to provide a homogeneous electric field. The bias applied to the second grid is

Grid 4

Grids2 &3
(Suppressor)

Grid 1

Electron Gun
Drift Tube
Crystal _

Fluorescent
Screen

Figure 1.1 Schematic of LEED optics



called the suppressor voltage and it is negative with respect to the electron gun cathode.
The suppressor prevents secondary electrons and electrons which have lost energy

through other loss mechanisms from reaching the fluorescent screen. This assures that

- only elastically scattered electrons will make it to the fluorescent screen. However, in

practice the elastic peak is asymmetric with a larger tail on the low energy side. Most of
the eledrons from the entire elastic peak are allowed to pass through the second and third
grids. The fourth grid is grounded to prevent field penetration of the high bias on the
screen. The fourth grid is more important for AES because it prevents AC coupling
between the third grid and the screen. The screen is biased, 5-7 kV, to accelerate the
electrons to high enough velocities such that the diffraction beams are visible.

Magnetic fields and electrostatic fields are a concern for experiments with low
energy electrons. Magnetic fields from the ion pumps and the earth’s magnetic field are
potential sources of problems. Insulators near the crystal‘which cross the plane of the
crystal wiil typically charge up and make the experiment difficult to impossible. The v
magnetic fields may be dealt with in one of two ways - a set of Helmholtz coils or p-metal
shielding. Mu metal is an alloy with a nominal composition of 77.2% nickel, 14.9% iron,
4.8% copper, and 1.5% chromium and has a high magnetic permittivity if it is properly
annealed [1.2]. In the UHV system used in this work 2 piece of p-metal surrounded the
sample and another surrounded the LEED optics. The effectiveness was questionable
because the LEED patterns below 60 eV appeared to have a different angle of incidence
based on the I-V work. For this reason all data were acquired above 60 eV where the

effect was not observed. -

1.2.2. Electron Gun
| The electron gun used in these LEED experiments was a Varian off-axis electron

gun. The filament assembly is mounted 13° off the gun's main axis [1.3]. This very



effectively reduces the »amou'nt of light, emitted by the w filament, that is able to exit from
the electron-gun‘dri'ﬁ tube. The electrons are deflected onto the gun's main axis after they
pass through the anode. The beam voltage is the difference in potential between the
éathode and the énode. Both the cathode and sample are at earth\ ground during the
experiment. Thus, the beam energy is measured with respect to the Fermi level of the

sample.

1.3. Diffraction Patterns

1.3.1. Lattice and Basis _

The two dimensional periodicity of a surface may be characterized by a periodic
array of points which possesses translational syrhmetry. The unit cell is a colleétion of
lattice points which has the property of t_ranslational symmetry. Associated with each
lattice point is the basis. The basis specifies the atom or group of atoms associated with
each Alattice point. Lattice and basis together define the physical geometric structure of
the crystal. In Figure 1.2, an example of the distinction between lattice and basis is shown.

A diffraction pattern provides inforrnation ébout long range order present in the
crystal. From the diffraction battem, the s.ymmetry‘and dimensions of the unit cell can be
determined. Diffraction spot_ intensities provide information about the basis, the contents
bf the unit éell. Once the lattice ‘an'd ‘the basis are both determined the geometrical
s'tructufe of the crystal, or in this case the sufface, has been solved.

Translational symmetry means fhat translating the lattice albng any linear
combination of the unit cell vectors will bring the lattice points into coincidénce much like

a point group symmetry. Mathematically this is expressed as
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 Figure 1.2 Schematic which illustrates the difference between lattice and basis
T=na,+ma, - | (1.1)

where a, and a, are lattice vectors and n and m are integers.

Aside from translational symmetry a perfect surface has a point groﬁp symmetry
associated with it. Most symmetry operations that are possible for the bulk apply to the
surface, e.g. rotation, reflection, and glide. The notable exception is a screw axis symmetry
operation. Each rotation axis, reflection plane, or glide plane must be perpexidicular to the
surface to be a valid symmétry element of the surface. Five surface Bravais net unit cells |
are possible given the constraints imposed by the translatioﬁal symmetry and the point
 group symmetry. |
An ordered sux‘faée has two lattice vectors which define the ‘periodicity of the

surface. The following vector relationships relate the reciprocal lattice vectors to the direct

lattice vectors , . -
L a,xn : |
a, =27 2 , (1.2)
! _a,-ia,xni_ :
al =24 8X% | | (1.3)
a2 (axay) | ¢
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Figure 1.3 ~ Comparison of direct lattice with reciprocal lattice. The direct

lattice is on the left hand side and the reciprocal lattice is on the right hand side
for a) rectangular net and b) hexagonal net.

where n is a unit vector parallel to the surface normal. Remember that a, -(a2 xn)=

a, -(n X al)= A, where A is the area of the unit cell. The unit cell area, A,.is not a vector

quantity so the cross produét in the numerator determines the direction of thé reéiprocal

lattice vectors. Notice that the cross product rotates a, 90° clockwise and rotates a, 90°

- counterclockwise. In addition, the magnitude of each reciprocal lattice vector is inversely

proportional to its direct lattice vector. See Figure 1.3 for two examples of direct lattices

" and their corresponding reciprocﬁl lattices. In general, a recipro’éal lattice vector , g, is
defined as | |

g=ha;+kaj, | (1.4)

where h and k are integers.
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Figure 1.4 Schematic of diffraction from an ordered surface

In Figure 1.4 a general case of diffraction is illustrated. A plane wave with

wavevector, K, is diffracted by the ordered surface. Parallel momentum is conserved,

that is .
Ky=Kytg. ’ | _’(1.5)

If g=0, (hk)=(00), then the electrons are scéttered into the specular direction. Note that

K can only have values which are within a reciprocal lattice vector, g, of K .

1.3.2. Diffraction Condition

Diffraction is a phenomenon which involves the scatfeﬁng of electromagnetic
waves or particles, which exhibit wave behavior, from a periodic array of scatterers. The -
“incident wave or particle is scattered into well defined directions because the diffracted

waves interfere constructively in these directions.



The scattered wayés obey the conservation of momentum and energy. For
diffraction from a three dimensional array (e.g. bulk X-ray diffraction) the relationships are

the following:

K,=K,+g,  conservation of momentum v (1.6)

and K,=K,, conservation of energy. . (1.7

For diffraction from a two dimensional array (e.g. LEED from surfaces) the conditions are

AN

K,= K, *8 conservation of parallel momentum (1.8)

and o K.=K,, conservation of energy. : - (1.9

For a surface, the penetration depth of the electrons i§ relatively small, 10-154,
compared to the amount 'of the surface that is sampled. Thus, momentum pefpendiculér to
the surface is Said not to be conserved. The perpendicular component of the momexitum -
can be obtained from the two following relatiéhships which result from equations (1.8)
and (1.9) | | )
. K2, =K*-K%=K’-(K,+g) , (1.10)
K, =‘/K§—(Ko|+g)2 o . (1.11)

Because no constraints exist for the perpendicular moméntum, reciprocal space is not
composed of reciprocal lattice points but reciprocal lattice rods. This means that many
 diffracted beams are present at any given energy and angle of incidence, unlike the case of

bulk X-ray diffraction.
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1.3.3. Energy Dependence of the LEED Pattern
. The energy dependence of the LEED pattern can be best understood by

considering an incident electron béam at normal incidence. In Figure 1.5a, a vector
diagram- of the incident electron with wavevector, K, and the exiting beam with
- wavevector, K, is shown. The angle, 6, between the two wavevectors K, and K g IS the-
exit angle of the outgoing electron beam. In Figure 1.5b thevsituation’whei'e the incident
wavevector, K, is twice the length of that in Figure 1.5a is shown. This corresponds to
an energy that is four times that shown in Figure 1.5a. Notice that in both Figure 1.5a

and 1.5b the parallel momentum is always equal to g. This is because 1) the incident
electron beam does not have a parallel component and 2) we are considering the same
diffraction beam at different energies. As the incident electron energy is changed the
magnitude of K, changes but not its direction, i.e. the angle of incidence remains the
same. Since we are ;considering only elastic scattering the length of K; equals the length

of K. This means that the length of R; is fixed by the incident electron energy and the

a)
Ko | Figure 1.5  Energy dependence of the LEED
) 01 Kg pattern. Schematic of diffraction a) at one energy and
K b) at four times the energy
gl '
Ko =g
b)
] {
Kg
]
K [o] Y 9
2 > Kgl
—
Kgi=g



magnitude of K ;, is equal to that of g by conservation of parallel momentum. The only
vector quantity that is unrestricted is K ;L. We can see that as the energy is increased the

length of K; increases and the exit angle, 6, decreases so that K ;u always equals g as

" demanded by the conservation of parallel momentum. So we can see that in LEED the
absence of a third Bragg condition allows diffraction spots to exist at all energies.
Sometimes experimentally the beams are too weak to be detected but this-is a very

different situation than spot extinctions or absences.

1.3.4. Indexing the LEED Pattern

Often the LEED pattern is a superposition of diffraction patterns from different
domains and it is not possible to index the whole diffraction pattern. By indexing we mean
assigning a notation to the LEED pattern which describes the dimensions and orientation -
of the direct space lattice. Often the pattern is indexed according to one domain. A domain
is a type of long range defect where distinct patches of equivalent but differently oriented
surface structure coexist.

A Bravais lattice is a lattice with only one lattice point pe,rvum't cell. Only one
domaip typically can be considered a Bravais lattice. If another domain produces
additional spots, as is oﬁén the case for rotational domains for example, then the resulting
superposition does not form a Bravais lattice. Often the Bravais lattices. can be labeled 4

with Wood's notation [1.4] which has the general form ](—t-’l X &)R a where j is either a
. a’l a'2

"c", for centered, or a "p", for primitive. The ratios in the parentheses are of the unit cell
vectors of the superstructure relative to the unit cell vectors of the substrate. The Ra

signifies that the superlattice is rotated an angle a with respect to the substrate lattice.

This notation requires that the angle between b, and b, be the same as that between a,

and a,. If this is not the case then'a more general form of notation must be used.

12



The alternative and more general way of labeling the surface structure is with a
matrix notation. The matrix is defined by the equation o
R e
b, ny, my|a,
The supérlattice unit cell vectors are b, and b, and the substrate unit éell vectors are a,
and a,. | | |
Indexing a LEED pattern requires that superlattice basis vectors b; and b, and

substrate basis vectors a; and a, be defined for the LEED pattern. We use

[al.]=[m‘:‘ m"]{b‘] , - (1.13)
a’2 n’21 m22 b2

to express the substrate reciprocal lattice in terms of the reciprocal superlattice. This

equation can be rearranged into the following form

[ﬂ: ! ["’22 “”’;2][3'.] (114) -
b; mymy, —m,,m,, "”1;1 ’nl.l a; ‘

where the inverse of the matrix in equation (1.13) was taken. Now the direct space lattice

- can be obtained by substituting b;=2n/b, and b,=2n/b, for the superlattice basis vectors

and similarly for aj and a;. Using some algebra, the result may be put into the simple

[b'}[mﬁ ”’%‘}[a’]. - (1.15)
b, m, my,|a, '

By comparing this equation with equation (1.12) the following relationships exist between

form

the matrix elements _
» -
m, =m, my, = my

my =m, My = My
The determinant of the matrix is equal to the ratio of the unit cell area of the direct
superlattice (b, and b,) to that of the substrate lattice (a, and a,); therefore, the matrix

elements, m,, can only have values for which the determinant is not equal to zero.
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This ‘method does not give' a unique notetion because the coefficient matrix
depends on the choice of the vector directions. Therefore, different matrix notations may
yield equivalent unit cells. - o . |

Typically, the surface structures that are encountered are commensurate which
means that the combination of substrate and overlayer lattice produce a finite unit cell that
is related to the substrate in a simple way. In matrix notation, none of the matrix eiements_
is an irrational number The structures that do have irrational matrix elements are, not '
surpnsmgly, called incommensurate. In an incommensurate structure the overlayer and
substrate almost seem not to be influenced by the presence of the other. Incommensurate
structures occur for rare gas atoms physisorbed on various substrates, for example
Ag(11 1)+Incommensurate Xe [1.5]. The weak interaction between the substrate and the
overlayer is the reason for the structure being incommensurate. Clean Mo(100) at
temperatures less than 200K reconstructs to form an incommensurate structure. The

reasons for this are not as obvious as in the previous example. This structure will be

discussed in more detail in Chapter 5.

1.3.5. Symmetries in the LEED Pattem

Symmetnes in the LEED pattern occur not only for the diffraction spot positions
- but also for the spot intensities. For an ideal surface the spot intensities have their highest |
symmetry at normal incidence. Generally, at off-normal : incidence angles the epot
intensities become asymmetric. For the general case, the symmetries, which show up in the
LEED pattern, occur wben/ the symntetry elements are parallel to the ibcident electron
beam. This is because the electron peths are then invariant with respect to the sytnmetry
element. | |
Although the spot intensities may displey high symtnetry at normal incidence this

does not necessarily indicate a highly symmetrical surface. Domains can complicate the

14



situation. As stated earlier, a domair; is a type of long range defect where distinct patches -
of equivalent but differently oriented surface structure coexist. The patches of surface are
energetically equivalent because the atoms in the respective unii cells have the same
bonding geometry. Each doniain is generally related to the other by a point group
symxﬁetry operation of the substrate. Out-of-phase doﬁdns would be an exception,
because they have equal orientations. An'example of rotational domains is illustrated in
Figure 1.6b and an example of out-of-phase domains is illustrated in Figure 1.6c. Steps or
other defects with preferred orientations may cause some domains to be more prevalent
than others. Sometimes this is intentional; an experimentalist might intentionally misorient
a single crystal 1-2° away from a low-Miller index plane for the explicit purpose of
studying a particular domain.

In general, the maximum number of distinct domains on an ideal surface is the

(a)
* Py ° o100 i-0-1-01e@
® ° ° Ml Il Il I o-}-0-|-0-1-01 010
° Y ) o{-01-0{-01-0|0
° ° . epeee oleolelelele
° . P ol olelelele
° * O I Il N o{-0-1-0-1-0-1-0}@
(b) ‘ (c)
Figure 1.6 Domains of a p(2x1) superlattice on a substrate with a square lattice. In (a) the p(2x1)

unit cell (on the left hand side) and the p(1x2) unit cell (on the right hand side). The vertices represent
the lattice points and the filled circles represent the basis. The dotted lines represent the part of the
underlying 1x1 substrate lattice that does not coincide with the superlattice. In (b) two rotational domains
of p(2x1) and p(1x2). In (c) translational domains, this is the specific case of two domains which are
exactly out of phase. The dark vertical line in (b) and (c) represents the domain boundary.
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number of possible symme'tfy operations that apply to the surface, excluding translational
domains. For exaxﬁple on Mo(100), which has a square lattice, the bulk-terminated surface
has four mirror planes and a four-fold retation axis. This implies that eight symmetry
operations appIyL to the surface; therefore, eight distinct domains may coexist on the
- surface. This will occur if the basis, i.e. the contents of the unit cell, generates a unit cell
with no symmetry However, if the unit cell has some symmetry this will reduce the
number of distinct domams i.e. some domains will be symmetrically degenerate. This is
illustrated in Flgure 1.7 for a substrate with a square lattice and a rectangular superlattice
with a lower symmetry than the substrate. If the superlattice unit cell possesses the highest |
symmetry possible, i.e. two mirror planes and a two-fold rotation axis, then only two
distinct domains will exist on the surface as is shown is Figure 1.7a. If the symmeti'y of the |
unit cell is lower, only one mirror plane, then each of the rotational domains is split into
two domains which are mirror images of each other. In Figure 1.7b this is iliustrated.
‘Notice that the unit cells have been generated by mirroring one of the unit cells through
- the mirror plane which is no longer present in the unit cell. If all symmetry is removed
from the unit cell then each of the rotational domains splits into four distinct domains. The |
four p(1x2) domains can be generated by stérting with one of the four domains and
applying a mirror operation vertical to the bege, a mirror operation horizontal to the page,
and a two-fold rotation. Each symmetry operation produces one domain. The same applies
to the p(2x1) domain. These are merely the symmetry operations which applied to the unit
cells in Figure 1.7a. The eight domams four from the p(1x2) and four from the p(2xl) are
' deplcted in Figure 1.7c¢.

We have disregarded translational domains since they only need to be considered
when inierference effects are ifnportant such as when the domains are smaller than the

electron-beam coherence width. The coherence width can be defined as the distance .
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Figure 1.7 The effect of the symmetry of the superlattice unit cell on the number of distinct
domains on the substrate. The vertices of the rectangular unit cells represent the lattice points and the
filled circles represent the basis. The dotted lines represent the mirror planes perpendicular to the page.
As the symmetry of the superiattice unit cell decreases the number of distinct domains increases. This is
depicted in (a) for two rotational domains, p(1x2) and p(2x1) respectively, with unit cells with high
symmetry, in (b) for four distinct domains with unit cells with lower symmetry, and in (¢) for elght,
distinct domains thh unit cells with no symmetry.

beyond which two points on the same wave front have a random phase relationship. For a
commercial LEED electron gun, 50-100A is a typical coherence width. ’

In the LEED experiment the domains are much smaller, hundreds of Angstréms
for a well-ordered surface, than the diameter of the incident electron beam, which is on the
order of 1mm, so the resulting LEED pattern is a superposition of the LEED patterns
- from the individual domains on the surface. This must be accounted for when the-

calculated intensities are compared to the experimental intensities. In principle, the

intensities of the LEED patterns of all the possible domains must be calculated and
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averaged. However, at normal iﬁcideﬁce only the intensities of the beams from one domain
need to be calculated ,silllce the LEED patterns from the other domaihs can be produced by
‘applying the correct symmetry operations to the LEED pattern which was calculated,
Then the intensities of the LEED patterns from all the domains are averaged together to
yield thé ‘intensities which can be compared with the experiment. Typically in the
calculations, the assumption is made that the domains are larger than the coherence width
of the electron beam. This requires the intensities and not the scattering amplitudes to be
averaged. An example of a surface with two domains labeled domain 1 and domain 2
which are equal in area and are larger than the coherence width -of_‘ the electron beam
would be treated with an equation with the form , |

L = |all +|a2f, Qe
where I_ is the intensity of a LEED beam with label g, A; is the complex amplitudc of an
outgbing piéne wave froni domain 1, and A: is the coxﬁplex amplitude of an outgoing
plane wave from domain 2. Howevef, if the domains were smaller than the coherence
width of the electroh beam then interference effects would occur between. the two
different domains. These»interference' effects would have to be.accounted. for by adding
the complex amplitudes of the outgoing plane wave from each domain then converﬁng the

sum to an intensity in the following manner
. 2 .
I, = |} + A2, | (1.17)
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Chapter2.  LEED Theory

Interpretation of the diﬁ'ract_ion spot positiéns-in a LEED pattern only requires a
kinematic, single scattering, treatmént. Single sc:,atten'ng means that an incident electron is
elastically backscattered once in the near surface region and exits the surface. How_efver,v
this is not what phygically occurs. Because of the large scattering cross sect'ipn for low-
ehergy electrons, the electrons may actually experience several scattering events before
exiting the surface. The efféct of multiple scattering in LEED is not to alter the positions
of the diffraction spots but to change the spbf intensities, that is multiple scattering .
redistributes the intensity among the -outgoing beams as compared to single scattering. A
simplé single scattering treatment, in général, will not produce I-V spectra which resemble
the experimental data. The main difficulties with a LEED theory which accounts for
multiple séattering is keeping ‘track of all the possible scattering paths that a LEED

electron may take and calculating the scattering along all those paths.

2.1. LEED Scattering Theory Overview

The objective of LEED scattering theofy_ is to first calculate the theoretical

~ intensities of the backscattered diffraction beams with momentuin, kg, as a function of the
incident beam moméntum, k,. Then to compare. the calculated intensities Qvith_ the
measured intensities. A surface structure is determined by wvarying the gedmetrical
parameters of the structural model until the set of calculated intensities- agrees with the set
of experimental intensities. In general; é structure is determined by trial and error, so many
~models must be considéred to make certain that a particular model gives a best fit of the

experimental data.
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The general scheme is to calculate the scattering from individual planes of atoms
parallel to the surface. This approach takes advantage of the limited penetration depth of
the incident electron, 10-20A. The LEED wave function is composed of a finite sum of
plane waves, {k:}, which are related to the incident plane wave momentum, k,, by a
" reciprocal lattice vector, g. The numb‘er of plane waves that are needed depends on both
the energy of the incident electron and the spacing between the planes.

Since each plane of atoms has translatibnal symmetry, the incident plane wave can
only be diffracted into plane waves with momentum, k_+ g. The scattering of an incident
plane wave with momentum k, from a plane of atoms into a set of diffracted plane waves
is contained in .the plane wévg scattering matrix, M. The intra-plane scaﬁeﬁng is typically
calculated in the spherical wave representation. The incident wave on the ith atom in a
plane of atoms is a combination of thé incident wave on the plane and the amplitude at the
ith atom of all the waves scattered from other atomS in the plane. Once the plane wave
diffraction matrices have been calculated for each of the different layers, the scattering
between planes is calculated. Various stacking schemes exist to ;:ombine the plane wave
matrices from the different layers and include multiple scattering effects to, generate the

4 }heoretical intensities.

2.2. Inelastic Scattering

Oxﬂy 1-5% of the incident electrons are elastically back scattered from a surface. -
The electrons lose energy through the generation of secondary electrons, plasmon losses,
single particle excitations, etc. LEED theory is only concerned with the elastically
scattered electrons but has to ‘account for the inelastic losses. S_ince‘ the theory is only
concerned with the fraction of electrons that are inelastically scattered and not the loss

-processes, the inelastic losses are accounted for by an electron-mean-free path or an
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imaginary part of the potential. The equation for the energy of a LEED electron between
the ion-cores is
' thZ o .
—=E+V_+iV,, _ (2.1)
2m - '

where V°r is the real part of the potential and V,; is the imaginary'part of the potential
which simulates the damping of the LEED electrohs. Typical values‘for‘ V,; range from 1;
5eV. If the electrons' penetration were not damped and th¢y pénefrated Aeep into the
crystal then a third Bragg condition would exist and fhe peaks in the I-V spectra would
become very sharp because the width of the peaks is inversely proportional to the number '
of partiqipating scattere:s perpendicular to the surface. The width of the p’eak; in fhg I-v |
" curves providés an estimate of the strength of the damping. A simple relationship can be
obtained between the width of the peaks, AE, and the imaginary part of the potential, and
has the form [2.1] |

AE = V. @

2.3. Elastic Scattering

2.3.1. Atomic Potential Scattering
2.3.1.1. | Muffin-Tin Model

In LEED theory a muffin-tin model has been adopted to describe the potential of
the near surface region. Tﬁe muffin-tin model had been used successfully for electronic
band structure caléulatioxis prior to its incorporation ‘into LEED»- theory. The muffin-tin
model assumes that all the atomic pétentials are spherical and that the atomic potential
- extends from the center of the ion-core to R_, the muffin-tin radius. The model is
composed of nonoverlapping spheres  and a constant potential, called the muffin-tin

potehtial, which exists between the spheres.
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Accurate wave functions exist for free atoms but these cannot be used because
- LEED is sensitive enough to the valence electrons to make these unsuitable [2.2]. The
atomic potentials often used in LEED caleulations for metal surfaces are those that were
calculated by Moruzzi et al [2.3] who performed self-consistent band structure
calculations for all the electrons in the crystal. This procedure produces a one-electron
potentlal that can be used for the LEED electrons. |
2.3.1.2, Phase Shifts

The incoming and outgoing beams have well defined directions so it is natural to |
'use a plane wave representation, and since the interstitial regions have a constant potential
plane waves are also a convenient choice. However, in the case of scattering from the ioﬁ-
cores the potential is spherical and a natural choice would be a spherical wave
representation. To most effectively exploit the scattering from atomic potentials and endh
up with the scattering amplitudes for each diffraction beam a partial-wave analysis is used.
Pdrtial-wave analysis employs a spherical-wave expansion of a plane wave. Since the
atondc potential is assumed to be spherical, only the radial part of the Schrédinger
equation remains to be solved. The solutions of the radial Schrédinger equaiion are Bessel
functions, j,, multiplied by spherical harmonics, Y,,,, The phase shifts, &,, are obtained by
smoothly matching the solution of the radial Schrodmger equation inside the muffin-tin
sphere to the s_ohition outside. This can be accomplished by equating the logarithmic
derivatives just inside and outside of the muffin-tin radius. The phase shifts, é,, are found

in the atomic scattering t-matrix which has the form
: 2

t, = —%(i)sxné’ exp(15) | 2.3)

where k = \/Z—T(E -V, -iV.)..
W

The basic effect of the atomic potential is to advance the phase of the LEED

electron. This can be understood from a simple one-dimensional vpotential well problem. In
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Figure 2.1a a particle with energy greater than zero passes over a square potential well

with depth, V. The equation for the energy of the particle outside of the well is given

simply by
' k?
' E= o | (24
and for the region inside the well by
nK? ‘
E= o Vo (2.6)

 Since the wavelength of the particle is inversely proportional to its energy, one can see
from Figure 2.1a that the particle moves faster inside the potential well thari oﬁtside the
well. Classically the particle can be thought of as being accelerated through the region of
the well and spends less time in the region of the well except at resonance, when it is
trapped for a longer time within fhe well. The other consequence of being accelerated is
'Vthat the phase of the wave is advanced and the wave is said to be phase shifted. This can

be seen in Figure 2.1a.

If the energy of the particle is such that its wavelength is an integral or half integral

number of wavelengths then the amplitude of the wave inside and outside the region of the

(a) | | )

Figure 2.1 Scattering of a plane wave from a one dimensional well. a) a 1-D plane wave phase-
shifted by 8 and b) a 1-D plane wave at resonance ' :
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well will be equal. This condition is known as resonance scattering. This is illustrated in
Figure 2.1b. Resonances are not true bound states of the well because bound states are

localized in the region of the well and the resonances are not.

2.3.2. Potential Step Scattering

| When the LEED electron enters the surface it crosses a potential step, from the
vacuum level to the inner potential or muffin-tin level, and its kinetic energy changes; this
results in refraction of the electron. Refraction is particularly important because the beams
have different exit angles; therefore, the réﬁ'active effects do not cancel in general as they
do for the specific case of the specular beam. The exit angle is of interest in the

calculations because the reflectivity, which is defined as
|2
_ kulB|
2
kO.L |A0|

th

@7

depends on it. A, is the amplitude of the incident wave and is set equal to unity in the

calculations and B is the calculated amplitude of the outgoing wave.

2.4. Conventional LEED Calculations

In practice the spherical and plane wave representations are both used during
different parts of the LEED calculation. The plane-wave representation does not work
well when interlayer sbacings between scatterers become small, on the order of the
wavelength of the I,'EED electron. In this case the spherical-wave representation must be
used. Typically, scattering between éoplanar or nearly coplanar atoms is calculated using a
spherical-wave representation and scattering between layers uses a plane-wave
representation. In the plane-ane representation the wave field is expanded conveniently-

in terms of the reciprocal lattice vectors, g. In principle an infinite number of values of gis
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needed; however, only a finite number of beams contribute to the propagation from layer
to layer. Beams with large values of g decay exponentially away from the layer and do not
contribute.

In general, the atormc scattering is contained in the phase shifts which have to be
calculated for each atomic element. The m-layer scattermg calculation is the time
consuming step. A spherical-wave representatlon, using a Green's functxcn formalism, is
used to calculate the in-layer scattering. Once all the layer diffraction matrices, which
basically contain the scattering amplitudes for the transmitted and reflected waves, have
been generated, the layers are stacked together and typically plane waves are used to
calculate the scattering between layers. Different methods are aQailable; however, only the
" method used in the calculations presented in this work is discussed below. The inelastic
scattering effects are included in the imaginary part of the potential and temperature
dependent effects are included through a Debye-Waller factor, similar to the obne used in
X-ray diffraction. Temperature-dependent phase shifts are generated by multiplying the t-
matrix by a Debye-Waller factor.

The calculatlon is repeated for each surface geometry and for each energy point on
the theoretical energy gnd Most of the calculations in this work used 40-44 energy

points, over an energy range of ~160eV.

2.4.1. Ccmbined Space Method and Composite Layers

. The scattering properties of an atomic layer can be described by scattering

matrices, M2, in the plane wave representation. The subscripts are read from right to

left, so Mﬂ gives the ratio of the amplitude of a scattered wave with momentum k*

the amplitude of the incident wave with momentum k::. This matrix can describe the

scattering of a single atomic layer or several layers combined, e.g. a composite layer.
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To calculate the plane-wave matrices, M, for a layer composed of more than - |

one atom per unit cell, a composite layer, a matrix inversion formalism may be used. This
formalism uses a spherical wave representation for the subplanes, which are Bravais
lattices (i.e. one atom per unit cell), that comprise the composite layer. ‘The subplanes may
be coplanar. The original method due to Beeby [2.4] was generalized by Tong and Van
Hove [2.5] to include the incidence of plane wa\)es k: for all beams g.

If Wé consider a composite layer with N sﬁbplanes;) each with the same Bravais
léttice which may contain different kinds of atoms and following Van Hove and Tong
[2.6], we define the following quantities in a spherical wave representation [L=(¢, m)] in
atomic units ( 72 =m=1):

t, = Ie"" sin §, : scattering t-matrix for a single atom in subplane i,
0 ' .

T scat'teriﬁg matrix which contains all scattering paths within subplane i;
TL‘L‘,: scattering rﬁatrix which includes all those scattering paths /wit_hin the
composite layer that end at subplane i;
G¥.: structural propagator describing all unscattered propagations from atoms in
‘ subpia.ne i to atoms in subplané j |

The plane-wave diffraction matrix is defined as

. o | .
ME = “%@Z Y,_(k:,)z{exp[i(ik: FKE)r, ]T;L,}Y,j.(k;,) +8ggss » 2.8)
8. 1= : .

with Gl =Ghoexpl-ik:(r,-1)]. (2.9)
G . may be expressed as sum over direct lattice points with
Gl =-87ik, 3" i%a(L,L', L, )b (k [P +1,-1])
L, P ,
xY, (P+r,—r)exp[-ik,-P], (2.10)

or as a sum over reciprocal lattice points

i ool s n)] o |
i A:Z T vy (k2 )Y (k2 ) (2.11)

& gl

Gi..
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‘where h(,ll) is a spherical Hankel function of the first kind, P runs over all lattice points of
one subplane,.excluding the term with P + r; — 1; - O, r, and r; are the positions of
| arbitrary reference atoms in} subplanes i and j, respectively, Y. is a spherical harmonic,
and A is the unit cell area. | |

The Clebsch-Gordan coefficients are defined as

a(L,L,,L,) =] Y;,(Q)Y;(Q)Y:,(Q)dn-. | (212)

»

The subplane t-matrix is defined as [2.1] :
i =[(1-t‘G“)"] ti, (2.13)
N u—'
‘where I is the identity matrix.
~ The matrices T!, ..., TN are obtained exactly accordihg to Beeby [2.4] with the

expression

T I _t\G"? ;%]Gls e 26T 7 - @214
(12| |-26% 1 -2G*® .. —2G™| 2|
rI:3 - __T?.G}l _13.(}32 ]; e .__13.(}3N ‘[‘3 )
™| [-26" 6™ 6™ .. 1 ||
The reﬂection_ and transmission matrices can be defined as
=M, rt =M, Y = MY, and T = M7, (2.15)

‘where M ** is derived from equation (2.8). The superscripts are read from right to left,'so
for example r~* refers to a wave initially traveling into the surface which is reflected at the
layer and travels back towé.rds the surface. If the scattering layer has inversion symmietry,
as a coplané.r layer does, then r*~ = r™" and ' = t™". Transmission occurs when the
electrons emerge on the opposite side of the layer on which they impinged, whereas

 reflection occurs when the electrons-emerge on the same side of the layer.

2.4.2. Renornialized-Forward Scattering (RFS)
Once the plane-wave diffraction matrices, M **, have been generated for the

different types of layers in the surface, the layers can be stacked together and the
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scéttering amplitudes for each diffraction beam can be calculated. The Renormalized- -

Forward Scattering (RFS) perturbation method which was formulated by Pendry [2.8]
was the method used for all the calculations in this work. The perturbation is based en the
fact that forward scattering or transmission is favored over backscattering or reflection.
The total reflectivity of the surface is expanded in terms of the number of reflections. The

reflectivity to first order is given by all waves which are transmitted an unlimited number

of times and experience one reflection. Second order is given by all waves which are.

reflected three times - an odd number of reflections is required for the wave to exit the
surface. The required number of reflections is 2n-1 where n is the order of the \expansion.

The method may be implemerited by allowing the ihcident plane wave to be
transmitted through each of the layers until it dies out because of inelastic effects. Then
starting at the deepest layer reached, propagate the plane waves toward the surface
collecting the reflected waves at each layer. This is done until all the elane’ waves which
were reflected once have emerged to the surface. For the second order the emergent
waves are propagated back into the surface and the whole procedure is repeated. This is
done until the suni of the amplitudes of the nth-order plane waves changes the total
reflectivity from the previous pass by a negligible amount. This methed converges because
the inelastic effects cause the highe:; order waves to die out. ’

The formalisin uses two expressions, one for penetration and one for emergence.

The one for penetration has the form
- +HpHi-ly (i) ' '
age = z:(t PV 1Pl )g.), (2.16)

and the expression for emergence has the form - :
| am = Z(rp’(‘*’) 8 + 1P, ) @17

where a), represents the plane-wave amplitudes in the ith interlayef spacing and P:,(i) are

plane-wave propagators between reference pomts in each successive layer w1th the form
P =5, - (2.18)

29

it



_ equation (2.19) becomes

- These equations are solved iteratively with agy, overwriting a, as each new layer is

reached. .The reflectivity and transmission matrices are those that were calculated
previously for each fayer. ‘

. Typically RFS uses 12-15 layers and requires three to four orders to achieve
convergence [2.9]. RFS requires the interlayer spacing to be greater than ~1.0A or the

method does not converge well because too many plane waves are needed.

2.4.3. Témperature Effects; The Debye-Waller Factor

The temperature of thé surface affects the I-V spectra by reducing the intensities,
which is the same effect observed in X-ray diffraction. The reason is that the thermal
motion of the ion-cores about their equilibrium positions causes a random phase shift
which means that not all the waves scattered in a specific direction will all be in phase.
Some destructive interference will occur and reduce the intensity that would otherwise be
observed for a rigid' lattice. The larger the amplitudes of the vibrating ion-cores, which
correspond to higher temperatures, the greater fhé reduction in intensity. In X-ray

diffraction the calcula’tcd intensities are multiplied by a Debye-Waller factor, exp(-ZM), ie.

I=Iexp(-2M). The'Debye-Waller factor has the form

exp(-zM)=exp[-!sl2-((’Ar)">]’ o @)

where <(Ar)2> is the mean-square deviation and s is the momentum transfer. Equation

(2.19) assumes that the vibrational amplitudes are small and that the vibrations are
uncorrelated with those of neighboring atoms. Of course collective vibrational modes,
phonons, exist in solids but at the present time no one has developed a more sophisticated

formalism to account for this. If the Debye model of thermal vibrations is employed,

-3h2|s|2T] ' (2.20)

exp(-ZM) = exp[ mk, 912)
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where kg is the Boltzmann constant, T is the temperature, Op is the Debye temperature,
and m, is the mass of the surface atoms. In the LEED calculations a Debye-Waller factor

is used but since multiple scattering occurs the Debye-Waller factor is used to generate

temperature-dependent phase shifts, J, (T), for each surface atom.

2.4.4. R-Factor Analysis

In the early 1970's surface structure determinations by LEED were done by a trial
and error method in which fhe theoretical I-V curves for a model geometry were
calculated and then compared visually with the experimental I-V curves. For clean
substrates and substrates with atomic_ adéorbates this was acceptable, but obviously a less
subjective'method was desirable and neeessary to make small refinements of the geometw.
In X-ray diffraction R-factors or reliability factors are used for this purpose; unfortunately
| the R-factors which are suitable for X-ray difﬁ'ection are less suitable for LEED. The mam
problem with construeting an R-factor is that no consensus exists as to what features in.
the I-V curves are most sensitive to geometrical parameters. The position of the peaks in
the I-V curves are sensitive to the geometry but some debate exists as to the importahce
of felative intensities. Many R-factors exist and it seems more a matter of preference as to
which one or combination of R-factors are used. The Pendry: R-factor was used almost
| exclusively in this work. ’

- Pendry [2.10] designed an R-factor to treat all maxima and minima in the I-V.
curves equally, i.e. all portions of the I-V curve yield structural information - absences of
peaks are structurally as meaningful as a peak. This is done by using a logarithmic
derivative of the intensities with respect to energy which has the form ‘, _

L=T/1. @2

To avoid singularities when I=0 a Y-function is defined as
| Y=L/(1+V21?), | (2.22)
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where V,; may be taken as the average peak width of a single peak. With these definitions
the Pendry R-factor is defined as '
Rp=[(Y.- Y. dE/[(¥2+Y})eE . (2.23)
The Pendry R-factor can have values which range from zero to two where Rp=0
indicates that the two curves are identical and Rp=2 means that the two curves are
anticorrelated. A value of one indicates no correlation between the two curves. From this
discussion it is obvious that the R-factor optimization is a miﬁimization. Although no strict.
criteria exist for deciding what vali;e of the Péndry R—factor indicates an acceptable fit, we
’cari make some géneralizations based on the many Surface structure detém}inations made
using the Pendry R-factor. In general, a Pendry R-factor in the raﬁge 0f 0.1-0.2 is_ obtained
for clean unrecoristruct‘ed metals and for simple atomic adsorbate systems a value in the
range of 0.2-0.3 is obtained. These values are rough and must be used with caution. R-
factors are intended only to serve as guides and not as the final .say in a structure
determination. [Htifnately, thé solved structure should be physically realistic, for instance
bond lengths which deviate largely from known bond lengths are suspect balthough not

necessarily incorrect.

2.5. Tensor LEED Calculations
Tensor LEED is a newer advance in surface. structure theory. Combined with an -
automated search algorithrh, tensor LEED makes possible accurate and fast structure
determinations. It also allows the user to probe regidns of geometric parameter spaée that
before were not pqssible. Perhaps the mos_t ﬁromising aspect of tensor LEED is that
coupled with an automated "search algorithm finally the experimentalist has the opportunity
to analyze his or her own data. | -
If an atom in a Aréference structuré is displaced by some value, r , how does it

affect the intensity of a diffraction beam? Displacing an atom byJ r causes a change in the
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surface potential which can be thought of as causing a change in the atomic scattering t-

matrix. 'Using first order perturbation theory the change in amplitude of an outgoing

diffraction beam, with parallel momentum k;, can be related to the reference structure by

OA = Z(\P*(k')ptj ¥ (k,)) , (2.24)
where I‘I‘*(k.)) is the wave function of a LEED electron incident on the reference
structure and <‘I’*(k;)l is the wave function of a LEED electron leaving the reference
structure. The intensity of the diffraction beam from the distorted surface is given by

2 .
I=|A,+dA, , - (2.25)

where A, is the amplitude of the electrons diffracted from the undistorted surface.

The atomic t-matrix for the jth atom in the distorted surface can be expanded to
first order as :
t=ti+ot{or), | (2.26)
where |

t=iesing,, _ : (2.27)
- in atomic units (4> = m =1). The t-matrix for the undistorted surface, t}, is diagonal but

the t-matrix for the distorted surface, 1), has off-diagonal elements since the perturbation

is a non-spherical distortion.
" The changé in amplitude may be put into an angular momentum basis and has the
final form [2.11]
| = —Z > F tarSim e —Fgm [Am, 23

j ml'm’

- where N is the number of atoms in the surface unit cell F}, ¢ is analogous to a form
factor and has the form . o
Fl ¢w = (1/2iTxk2 )Zt;; prrt B e (2.29)

- where I is the area of the rgference unit cell and x is the wavevector of the electron in the

~ surface given by
x=[2(E-V, )}, - (2.30)



in atomic units (A’ = m=1).

The partial form factors, £ ,.,.. and £i7,..., are defined as:

ot = Zi‘”ct"m”,lni,l’—m’Ag'-m”(-kl "g) » (231)
£"m” :
£ = 2i* CromeromeAdee () (2.32)
"m" .

where C,, |....,-o- are Gaunt coefficients deﬁhed as

Colmtm g = [ Y Y (Y, (a2, (2.33)
- where Y, are spherical harmonics. A{._m,(kl) is the amplitude of a spherical partial wave
incident on the atom located at r; which is produced by exciting the reference structure |
~ with a LEED beam with parallel momentum k. Ag.;mn(-kﬂ -g) is the amplitudé of a

spherical partial.- wave of a time-reversed LEED state with parallel momentum -k, - g -

Simew iS analogous to a structure factor and has the form ,
) ng.t’m’ = i'(ut')jl<"1a3|)Y£-‘m(&j)jl' (Ki&j I)le’-m'(&j) exp(lg rj) > (234)

- where j, is a spherical Bessel function. The form factor only depends on the scattering
properties of the reference structure and only needs to be computed once. The structure
. factor depends on the distorted structure; therefore, only the structure factor needs to be
reevaluated each time the surface is perturbed.

The structure factor is summed over aﬁgular momentum, ¢m. In ‘prinéiple this
~ would require summing from ¢=0 to 2¢__ since the t-matrix has. valueé up to £__ .
However, the spherical Bessel function decreases with increasing ¢ , so

| Sl =0  forforf > x5t
In addition, since two Bessel functions are multiplied together in the structure factor then
terms for which | | |
| £+¢0' 2 xér ,

can be neglected. This allows the tensor or form factor to be truncated and this leads to a

considerable reduction in computational time relative to other methods.
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The tensor LEED calculation is essentially split into two parts. In the first part a
full dynamical LEED calculation is perfonhed on a reference structure. As the program
calculates the scattering amplitudes of the exiting beams the elements of the tensor are
calculated and stored in an output file. The second part of the tensor LEED calculation _
involves perturbing the reference structure geometry and calculating the change in the
scattering arﬁplitude, OA. The diffraction ihten_sitiés from the perturbed surface, which we
call a trial structure, are compared with the set of experimental intensities. Since the
second part of the tensor LEED calculation is very fast at calculating how a displacement
of an atom affects the change in the scattering amplitude, this method is very amenable to
being combined with an automated search algorithm. The c_liﬁiculty is finding a good
method for searching through a multidimensional parameter space.

-One important question that we have not mentioned is how far can an atom be
displaced before the tensor LEED approximation breaks down. Previous Work by Rous
[2.12] suggested a radius of convergence, outside of this radius the tensor LEED
approximation does not yield reliable results, of 0.4A. We adopted a ;nére conservative.
estirﬂate of 0.2-0.25A. We cannot emphasize enough that the result of a tensor LEED
lcalculation should alWays be checked by doing a full dynamical LEED calculation on that

geometry!
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'Chapte,r 3. Video LEED Techniques

3.1. Introduction o | | | -
_ Various techniques have been used to obtain experimental I-V curves over the past
20 years. The Faraday cup assembly [3.‘1, 2] and spot' photometer [3.3] were the most
common methods used in the 1970's. A less common photographic method was developed
and used by this group during the mid-1970's [3.4]. With the advent of video cameras
sensitive at low-light levels, particularly vidicon cameras, and computer data acquisition
~boards which operate at video rates, typically 10-20 MHz, I-V curves are now typically
-acquired with video/computer-based acquisition systems. This procedure was first uséd by
Heilmann et al [3.5] to measure diffraction spot profiles; the system was based on a
vidicon camera, a TV monitor, a computer, and a time base..v Later, Lang et al [3.6]
modified this system with the addition of a video tape recorder (VTR) to decrease the
data-acquisition times. Shorter acquisition times allowed I-V data collection for electron-
beam sensitive adsorbate éystems and substrate/adsorbate systems which are sensitive to
lresidual. gas adsorption (e.g. clean transition fnetals). A similar video LEED system was
assembléd and used in this group in the 1980's [3.7]. One drawback with this system was
that the video signal was degraded by storing the video images on magnetic tape. With the
large magnetic hard drives, 40-200 MB, available today the ﬁdeo images can be quickly
and easily transferred from the frame buffer of the video processor to the hafd disk

without degrading the integrity of the video signal.
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Figure 3.1 Block diagram of video LEED appératus

The video LEED data acquisition system that was assembled and used in this work
consisted of a video camera, a computer, and a TV monitor. A block diagram of the
system is illustrated in Figure 3.1. The video caméra and the video processor board are

discussed below in detail.

3.2. Camera Overview

| Video cameras are used for a broad _sp.ectrum of purposes, ranging from night
surveillance to'camcorders for recreational use. The same technology which is used in
applications fof night surveillance and astronomy is useful for the measuremeht of LEED

intensities from a phosphor screen. This requires a camera which is sensitive under low-
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light levél conditions. Closed circuit video cameras used for night surveillance are good
for low-light level situations but have the drawback that they are not fast to respond to
moving objects in the scene. However, these cameras are excellent ‘for video LEED
applications where this drawback is not a concern. |
| A video camera is combosed of 1) a taking lens which focuses light from a scene
onto 2) a video transducer which converts the light from the scene into an electrical
current which is proportionﬂ to the brightness of the scene, 3) a video amplifier which
amplifies the output signal from the  video transducer and 4) a signal processof which
shapes the video signal to yield the video output signal. The video output signal is the

analog signal which is sent to the video processor board.

3.2.1. Optical Eleménts

The optical element of a video camera is the taking lens which is available in a
number of focal lengths and si2e_s. The aperture diameter of the lens is adjusted with a
mechanical iris, which operates much like the iris of the human eye, and can orﬂy be
| changed in increments. The aperture diameter settings on the iris ring are calibrated in f-
~ stops. An f-stop is defined as F=f/D where fiis the focal length and D is the diameter of the
aperture. Clearly, larger f-stops ‘correspond”to smaller apertures and cohsequently allow
less light to enter the camera. Typib_ally the smallgsf f-stop is desirable for acquiring video
LEED data with the éonstraint that the diffraction intensities do not saturate the camera.

I‘hé depth of field and iﬁeld of view are other characteristics of the camera which
are partly determined by the lens. The depth of field is the range of distances over which
objects remain in focus. It increases as the aperture decreases, higher f-stop settings, but is
alsé affected by the focal length and the distance away from the camera. In addition, the
depth of field increases with increasihg distance. In the specific case of video LEED data

acquisition the depth of field is not really an important consideration in adjusting the f-
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stop setting even though the LEED screen is hemisphericalv and diffraction beams near the
detector edge are closer to the camera than beams near the center of the detector (fhe
depth of the detector is only ~0.8cm for a Varian LEED screen). This was determined
erhpirica]ly by observing that the entire LEED patteni could be focu.sed at- once.
Therefore, we conclude& that the f-stop setting should be adjusted to provide the
maximumrsignal.

The field of view is defined as the angle of acceptance of the camera and can be

written mathematically as
h
-1

_ @=2tan —,
2f

(3.1)

where f is the focal length of the lens and h is the height of the image sensor for a solid-
state device or the height which is rastered for a video tube. This is illustrated in Figure
3.2. Since the LEED screen is circular we are interested in the field of view in the vertical
direction. From equation (3.1) we can see that the field of view increases as the focal
length decreases. The field of view is an important consideration when 'cﬁoosing a taking
lens. A lens which captures the entire LEED screen and provides the largest image
possible on the video monitor is desirable because the user-interactive analysis is easier if
" the diﬁ'raetion spots are separated as much as 'possible in the image. This is particularly
true for LEED patterns with a high density of diffraction beams. -
Simple spherical lenses are not used for TV lenses because of chromatic and
spherical aberrations. Chromatic aberrations occur because different wavelengths of light
are fefracted by diﬂ'erent amounts, for instance blue light is bent more than red light. This -
is called dispersion and is the same phenomenon that occurs in a prism. Therefore, light
composed of different wavelengths will not come to a cemmon focal point (e.g. blue light

will be focused at a point nearer to the lens than red light). Spherical distortion occurs
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Figure 3.2 Field of view. D is the diamter of the LEED screen, h is the height of the image sensor, f

~ is the focal length of the lens, and © is the field of view.

Subject
5§/ J

Taklng Lens

Image Charge
Pattern

Scanning Beam

Electron Gun

Figure 3.3 - Illustranon of the video camera imaging process. The electron gun and target are

components of the video tube.
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because a truly spherical lens does not have one focal point. Both spherical and chromatic
aberrations are corrected with a convex-concave compound lens which combines a convex -
lens made of crown glass with low dispersion and a concave lens made of flint glass with a

higher dispersion [3.8]. -

3.2.2. Video Transducer

Video transducers are devices which convert electromagnetic waves into an
electrical signal. This is accomplished with video tﬁbes (e.g. vidicons) 'or soﬁd-s_tate
deviées [e.g. charge-coupled devices (CCD) or charge injection devices (CID)]

Video tubes are vacuum tubes composed of 1) a storagg térget which stores a
image charge pattern and 2) an electron gun which produces an electron beam which scans
the target. In Figure 3.3 the imaging proceés of a camera with a video tube is illustrated.
Many types of video tubes are commercially available but only those that were used in this
~ work will be discussed in detail.

In Figure 3.4 the elements of the electronics for a video tube camera are illustrated.
The sync generator produces thé vertical (V) and horizontal (H) sync which drives the
magnétig deflection of the scanning electron beam. The signal from the video tube enters a
preamp where it is ampliﬁed_ prior to being sent to the signal processor. The signal
processor shapes the video signal and makes various cdrrections. The signal from the
signal processor is combined with the composite sync, both horizontal and vertical, to
form the video output. Notice in Figdre' 3.4 that the output has a 75Q characteristic
impedance. All short distance connections to other devices (e.g. video monitor and video
processor) should be made with coaxiai cable with a 75Q characteristic impedance to

prevent energy from being reflected back to the source [3.9].
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Figure 3.4 Video camera block diagram ~

Although video tubes were used éxclusively in this work, solid-state image sensors
are also available. Solid-state image sensors (e.g. CCD) are not vacuum tubes but are
large-scale integrated circuits with an array of indiﬁdud microscopic "photo sites". The

_resolution of these devices is determined by the density of photo sites.

3.2.3. Video Amplifier

The video output is a signal composed of the video signal corresponding to the
bri'ghtness of the scene plﬁs the synchrohiiation pulses. The composite signal is 1Vpp (1
Volt peak-to-peak) of which 714mv corresponds to the video signal and 286mV to the
- synchronization pulses. The synchronizatibn pulses are negative with respect to blanking.
Blanking is the turning off of fhe electron beam at the end of a horizontal or vertical scan.

The black level is set at 54mV above blahking. The composite video signal is illustrated in
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g o  Peak White

] ' : 71_4,mV Video Signal 660 mV black to white

v
b4 Black Level .
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Blanking
I 286 mV Cemposite Sync
. | Sync Level
Figure 3.5 Schematic of composite video output signal

Figure 3.5. For instmmentation cameras such as'those used m this work thve black level is
under external control so fhat the user may optimiie the contrast of the image. More
important than this is that fer accurate photometric work the camera blaek level and gain
must be kept constant once they have been optimized. In commercial video cameras the
black level and gain are adjusted internally to provide the best picture.

The amplifier bandwidth is determined by the desired resolution of the video
" image. In 1/30 s 525 horizontal lines are scanned, 42 of them are for vertical blanking;
which meaﬁs that one horizontal scan takes 63.5 us. The video processor digitizes one
video line into 512 pixels. One active scan takes 63.5 ps - il us (horizontal blanking) or
52.5 us. This corresponds to 512/52.5 = 9.8 MHz. According to the Nyquist sampling |
theorem, the sampling frequency must be twice the hi_ghest frequency component in the
signal [3.'10]. So approximately a 20 MHz bandwidth is needed to obtain the desired 512
pixel resolution. The video amplifier for the intensified silicon intensified 'target (ISIT)
" - camera has an adjustaele-bandwidth of 6-18 MHz in 6 MHz increments and an 18 MHz
bandwidth for the vidicon camera. For the ISIT cémera e 6 MHz bandwidth is typically
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used because ‘the signal-to-noise ratio for the intensities is better at lower spatial

resolution.

3.3. -Video Tubes

This section is a detailed discussion of the video transducers, more specifically the
‘video tubes, that were used in this work. The two types of video tubes, vidicon and ISIT,
are discussed first, with an emphasis on the differences between the two. Next the
components which the two tubes have in common are discussed. Finally, the
characteristics of the video tubes and their relevance to video LEED data acquisition are

discussed.

3.3.1. Types of Video Tubes
3.3.1.1. ~ Vidicon

A vidicon tube consists of a photosensitive silicon target for producing and storing
an image charge pattern and an. electroh gun which generates an electron beam which
rasters across the image charge pattern. First, light passes through a transparent
conducting film and then impinges on the target génerating electron-hole paifs in
proportion to the intensity of the light. The holes migrate to the back of the target because
a positive bias is applied to the front of the target and the back of the target is essentially
at the cathode, usﬁa.lly ground, potential. The electron beam rasters across the back of the
target and neutralizes the holes that constitute the image charge pattern. Excess electrons
are turned back toward the electron gun. The exact number of electrons needed to
" neutralize the holes constitute a flow of vcurrent between the electron gun cathode and the
target. This signal current generates the output signal Qoltage of the piqkup tube which is

sent to the preamplifier and the signal processor. A vidicon tube is illustrated in Figure 3.6.
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Figure 3.6 Schematic of a vidicon tube .
3.3.1.2. Intensified Silicon Intensified Target (ISIT)

Silicon intensified target (SIT) and intensified silicon intensified target (ISIT)
camera tubes are very good for low-light level applications and are even better than
vidicon cameras because both have intensification stages. SIT and. ISIT tubes use a
- photoemissive cathode as a light sensitive detector and a silicon-diode a}ray, which
contains 1800 diodes per square inch, to store the image charge pattern. The gain of the
SIT and ISIT arises from the large number of electrbn-hole pairs that are generated when
thé photoelectrons from the cathode bombard the silicon 'target', for example a SIT tube
with 9kV across the intensifier section will have a gain of about 1600 [3.11}.

} The ISIT tube is illustrated in Figure 3.7. The two image sections provide the
intensification. In the SIT tube only one image section is used, i.e. the phosphor screen
and the photoemissive coating are absent. The photoeiectrons from the photocathode and
photoemissive coating are focused by means of electrostatic lenses wlﬁch are not shown in

the diagram.
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Figure 3.7 Schematic of ISIT tube: The light from a scene enters the ISIT tube through a fiber

‘optic faceplate which transfers the flat-scene image onto the curved photocathode. The photocathode
emits photoelectrons which are focused onto a phosphor screen which has a photoemissive coating
which emits photoelectrons which are focused onto the silicon diode-array target. An image charge
pattern is formed on the back of the target and is scanned by an elect;on beam.

The photocathode is a S-20 multi alkali compound (Na-K-Cs-Sb) and is coated
onto a curved fiber-optic faceplate. The fiber-optic has poor UV transmission and limits
the tubes response in the UV region (340nm cut off). The near-IR region is also not
accessible since the silicon target is bombarded with electrons. This is in contrast to the
silicon target vidicon which is sensitive to ihe near-IR. The phosphor screen is coated with
a P-20 phosphor. | .

The ISIT tube has greater sensitivity than the SIT tube but the ISIT tube has a
lower signal-to-noise ratio. The SIT tube is sufficiently sensitive for collecting I-V data
from ordered LEED patterns and is less eipensive than the ISIT tube. The ISIT camera
mayb be a good choice for diﬁ"use. LEED intensity measurements, where the background
intensityA of a LEED pattern is me_asﬁred, but the intensified CCD may be a better choice.
No comparisons were made between ISIT and intensified CCD cameras. The ISIT camera
used in this work was loaned by Dage-MTI asa demonstranon model A SIT camera was

later purchased- with the intention of using it for recording LEED I-V data from LEED

patterns of well ordered surfaces.
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| 3.3.2. Basic Components of Video Tubes |
3321, Target | o
| The target of the video tube is circular and comes iﬁ a few common sizes: 25mm
(1 inch), 18mm (2/3 inch), and l3hm- (1/2 inch) diameters. Only a small rectangular area,
with an éspect ratio of 4:3, in the middle of the target is actually scanned by the electron’
beam. For a 18mm target, which was the size of the targets used in this work, the diagonal
measurement of the usable portion of the target is 11mm [3.12]. This implies that only
23% of the target area is actually used. T
The s;;ectral sensitivity of the target depends on its chemical composition. Many of
| the vidicons use doped silicon targets to tailor the spectral sensitivity for a broad range of
applications. For video LEED purposes the spectral sensitivity of the target should be
matched to the spectral characteristics of the phosphor of the LEED screen.
3.3.2.2. Electron Gun and Video Scanning
The electron beam scanning is accomplished by rhagnetic deflection of the electron
| beam. The coils which prbduce the magnetic fields fit over the video tube. The electrons
are accelgrated. at high v\volrtages, hundreds of volts in this context, towards the target to
reduce the effects of space charge, thereBy obtaining a sharp spot on the target. The
electrons are typically decelerated prior to colliding with the iarget to reduce damage and
heating of the target. The scan is typically interlaced which means that two. scans are used
to produce one frarhe of video. The first scan rasters only the even horizontal lines and the
.second scan rasters the odd horizontal lines. .Interlacing reduces flicker on a télevision _
monitor and is the standard forrﬁat for. television applications. Since each part of an
interlaced scan takes 1/60 s, one frame requires 1/30 s. Tl;érefore, 30 images/s are
acquired in the RS170A video‘ format. Alternatively, the Europeén standard operates at 50
Hz and 25 images/s are acquired.

A scan is divided into an active scan and blanking. Blanking occurs when the
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" electron beam is cut off. Horizontal blanking occurs at the end of a horizontal trace and
vertical blanking occurs at the end of the scan. In the RS170A format there are 480 active

lines of scan and 42 lines of vertical blankirig.

3.3.3. Char#cteristics of Video Tubes
3.3.3.1. Dark Current

The dar‘kvcurrent, the target current which occurs when no lightr impinges on the
target, is produced by the thermal generation of electron-hole pairs. Therefore, the dark
current is a function of target temperature which results from two sources: 1) the ambient
temperature and 2) heating of the target by the electrons bombarding the back of the
target. This secohd effect means that the target temperature depends on the target voltage
which is the bias applied between the target and the electron gun cathode. The dark
current limits the ultimate sensitivity of the camera,
3.3.3.2. Blooming » .

Blooming is a condition which occurs when an area on the silicon target becomes
saturated. Saturation occurs when the photon flux incident oﬁ the target exceeds a certain |
limit and a largé number of electron-hole pairs are generated. Normally the holes do not
migrate parallel to the target because the targei is almost an insulator and the target bias is
applied perpendicular to the target. Blooming is exhibited in the image of a LEED pattern
by a "comet tail" effect, i.e. the/ circular spots become elongated in the direction of the
electron gun raster. Blooming is an indication that a diffraction beam has saturated the
video camera. The integrated iﬁtensity'ﬁom a diffraction spot that exhibits blooming is not
very reliable. Although the integration does to some extent offset the effects of blooming

because the integration window is always made larger than the diffraction spot.
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3.3.3.3.  ImagelLag

Iina_gé lag is the persistence or slow decay of an image after an object in the scene
- has changed position or has been removed entirely. Image lag tifne is a measure of how
quickly the video tube responds to changes in the scene. Image lag is sometimes due to the

capacitance between the electron gun side of the ‘targetv and the Nesa glass terminal.

. However, for targets thinner than 2.5 um, as is normally the case, the 'capacitance is very

small and does not contribute very much t.o lag. In this case, lag occurs because the carrier
mobility is reducédl by 1) frapping by defects and impurities and 2) collisions with atoms in
the target. Therefofe, lag bgcomes worse at higher current derisities when more carriers
are preéerit. Image lag was not an important consideration in this work because the LEED
.incident electron beam energy was increased manually. Even in the case of computer
control of the electron gun, the power supply must be allowed to stabilize before
recording data. The Varian LEED power supply used in this_ work stab‘ilizes on the order
of milliseconds and even then image lag would probably still be insignificant. -
| 3.3.3.4. Gamma |
. The response of the video tube to éhe faceplate illumination is called the gamma of
the tube. If the faceplate illumination (lux) is plotted versus target current (nA) an almost
linear curve wili be the result. The curve can be fit by a function with the form y=xY, with
gamma being equal to one for a linear response. In general, video tubes will have gammas
less than one which means that the illumination scale is compressed at ‘higher faceplate
_ illumination. A tube with a linear response, =1, is necessary for accurate intensity
measurements. The.cameras used in this work had gammas equal to one.
3.3.3.5. Camera Resolution
Camera resolution refers to the smallest picture element that can be resolved. The
niajor factdr which determines resolution in video tubes is the diameter of the electron

beam striking the target. Therefore, if more spatial resolution is desired a larger target is
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used. This is the physical limit of camera resolution but as mentioned earlier the bandwidth
of the video amplifier determines if this limit is actually realized. Additionally, the taking

lens also contributes to the resolution of the camera.

3.4. Video Processor

To acquire the video data in a format that can be stored and manipulated by the
computer requires an A/D (analog/digital) computer board. To obtaih the data in real time
the board must be capable of operating at video rates, 10-20 MHz, and have enough
memory to store a video image, 1 MB. Many such boards are commercially availablé
today. The video processor used in this work was. a Matrox MVP-AT Video Digitizer.
The accompanying software used to operate the video digitizer was the Imager-AT MS-
DOS Software Library. This is a library of functions which can be used in programs
written in Microsoft C or FORTRAN. The library ﬁ.mction§ are used to control input and
output operations of the video board and for image processing.

The board can be divided into seven functional sections.

1) The Inpiit Section selects the video source. Additionally, it contains logic to
adjust the gain and offset, lookup tables, and analog to digital converters which

digitize the analog video signal.
2) The Memory Section consists of 1 MB of video RAM which stores the video

information. The Memory Section is accessible by all the other MVP-AT sections

and the host computer.
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3) The Statistical Section is composed of a STAT processor and STAT RAM
- which performs intensity histograms and profiles. This section was not used by the

computer programs in this work.

4) The Graphics Section is composed of a Hitachi ACRTC and provides many
drawing primitives, e.g. lines, circles, }rectangles, etc. This section provided the

cursor for the LEED analysis programs.

5) The Display Section converts the éontents of the video memory into» video
which is sent to the display, a video monifor in the case of this work. This section
contains output lookup tables and user-pfogrammable display features si;ch as
overlays (mixing graphics with video), windows, and keying (mixing video

memory contents with an input signal).

6) The Arithmetic Section consists of an ALU, Arithmetic Logic Unit, which
performs all arithmetic and logical functions on one frame buffer, betWéen one
frame buffer and a constant, or between two frame bbuﬁ‘e,rs. The ALU functions in
real time which allows arithmetic and logical operations with a camera input. This
allowed the successive video frames to be averaged in real time during the data

acquisition.
7) The Processor Section consists of an on-board microprocessor.

When an image is grabbed by the MVP-AT board the intensity level of each pixel
in the image is measured and assigned a value that is proportional to the intensity. For

monochrome, black and white, an 8-bit value is assigned to the pixel intensity. This
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- effectively provides a gray-scale with 256 levels, »0 for completely black and 255 for
completely white; » |
The pixel values are sént to an Input Lookup Table (ILUT) which uses the .pixel
intensity as an address. At each address in the ILUT a value is stored. The value in the
ILUT becomes. the new intensity of thé pixel which is subsequently stored in the frame
buffer. This allows the user to modify the incoming image in a known way. The default
ILUT used in this wofk did not alter the pixel intensities.
Thé 1 MB of video RAM is partitioned into frame buffers. The computer prbgrams

in this work used four basic frame buffers which were four 512x512x8-bit frame buffers.

In the Axherican video format only 480 lines of the 512 are displayed and processed. A

ﬁ'amé buffer contains a set of addresses which correspond to each pixel in the video
image. At each pixel address an 8-bit intensity value is stored. ‘The contents of these frame
buffers may be displayed on the video monitor or may be manipulated by the host
computer. | _
~ The vided data acquired in this work was: averagéd by grabbing a frame and
storing it in a 512x512x8-bit source buffer. Then the contents of the source buffer were
added to a 512x512x16-bit accumulator buffer. After 128 video frames had been grabbed
and the contents of each had been added to the accumulator buffer, the contents of the
accumulator buffer were divided by 128 and stored in a 512x512x8-bit destination buffer.
This procedure averaged 128 frames of video in real time which required a little more than
4 seconds since 30 frames per second is the acquisition rate. |
The contents of the destination buffer were stored on the hard drive before the
~ frame buffers were reset to zero and another image was acquired. After all the images
were aéquired and stored on the hard drive, the images could be analyzed. The analysis

required loading the image from the hard drive into a frame buffer in the video processor.
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All the data processirig and input/output control was done with the library of functions
~ provided with the video board. |

The conténts of the frame buffers were displayed-on the video monitor. Prior to
being displaYed the contents of the frame buffer are sent to an output lookup table
(OLUT) which functions much like an ILUT except that ‘the OLUT does not affect the
contents of the frame buffer. The OLUT can be used to provide a contrast function which -
~will enhance the féatures of interest in the image. The OLUT used in this work did not

alter the contents of the frame buffer before displaying it on the video monitor.
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Chapter 4. 'Experiméntal Procedures

4.1. Introduction

~ Accurate surface stmcture deterxmnatlons require well charactenzed surfaces
prepared under known condltlons These surfaces are typxcally well-oriented single
crystals which are free of contaminants and atormcally flat with well ordered adsorbates.
Ultra-high vacuum (UHV),A <1x10-? Torr, conditions are necessary to obtain and maintain
‘a clean surface for the duration of a typical surface science experiment, 20-60 minutes.
Residual gasés in a well-baked UHV system, e.g. CO and H,, may adsorb onto the

surface, particularly a clean metal, during an experiment and alter the surface structure.

4.2. The UHV System

4.2.1. Pumps ) '

The UHV §ystem used in these studies was a stainless steel UHV chamber which
was pumpéd by a 240 Vs diode ion pump ‘and a 60 Vs triode ion pump. A schematic of the
UHYV system is given in Figure 4.1. The tﬁode ion pump, which is not shown in the figure,
~had a higher pumping speed for noble gases and was intended to be used as an auxiliary
pump during Ar* ion sputtering; however, the base pressure of the system was lowest
when both ion pumps were used. This is most likely because of the poor conductance
caused by the Mu .mertal shielding inside the main chamber which had holes for the mass

spectrometer, manipulator, sulfur source, glancing angle electron gun, and ion sputter gun.
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Figure4.1 - Schematic of Video LEED apparatus
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4.2.2. Ion gauge

All pressures reported are uncorrected for ion gauge sensitivities, conductance,
- and other restrictions. The only calibration that was made was' adjusting the emission
current to 4 mA and all reported pressures are for N, calibration. A 1.5 mm diameter
doser attached to a Varian leak valve was used to admit gases into the chamber.

. 4.2.3. Bake-out

A UHV system after first being pumped down has a lafge amount of water
adsorbed strongly to the stainless steel walls of the chamber and it slowly desorbs from the
walls, thereby limiting the lowést base pressure. To obtain pressures <1x10-9 Torr in a
reasonable time the entire chamber must be heated uniformly above 150°C for 1-3. days
depending on the size of the-UHV systém and the pumping speed of the pumps. Ion
pumps must be baked-out under the same conditions as the chamber.

A bake-out oven, which was constructed of 1/16" Al sheet metal on the outside
with a layer of fiberglass insulation followed by heating elerﬂents, covered the upper
portion of the UHV system. It could be disassembled and stored when not in use. The
lower portion of the chamber, the two ion pumps, was surrounded by a similarly
constructed enclosure. During a bake-out, the system was heated between 160-185° C for
approximately thrge days. After fhe bake-out the filaments were outgassed and the
fitaniumsubiimation pump (TSP) filaments were heated numerous times which gave an

ultimate base pressure of ~2x10-10 Torr.
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4.2.4. Manipulator

‘The manipulatdr used in these experiments was on-axis and had 5 degrees of
fre‘edom‘, X, ¥, Z translation, polar rotation, 8, in a plane perpendicular to the manipulator
" axis, and a tilt.. In Figure 4.2 a schematic of the manipulator is provided. A Vespel block,
which provided thermal and electrical isolation, was attached to the center rod; Two 3/8"
‘Cu rods were attached to the bVespel block and an 1/8" Ta rod was inserted at the end of
each.Cu rod. A 0.030" sheet of Ta was spot welded to each Ta rbd and to each sheet was
spot welded a 0..0015" Ta tab to which the sample was spot welded. This arrangement
allowed the sample to be heated to 2000-2100K and for the sample to be oriented at
ngrmal‘incic}ence with respect to the LEED electron gun. This design also minimized the
| amountn of the LEED screen that was obscured by the manipuiator, which is an important

consideration when I-V measurements are made with a front view LEED optics.

/ /' » . Vespel block 0.0015" thiék
central N ‘\ CfYStal\ / Ta sheet
rod ) /@ [ l : I
© - )
- Q O\ 0.030" thick
© ® . Ta sheet
© C] : : v
0.375" dia. 0.125" dia. Ta rod
/ OFHC Cu roq .
@ | (b) side view
> 2 h |
thermocouple
stainless steel ] \ wire
support » > /

0.125" dia. Ta rod

(c) degrees of freedom
0.030" thick
Ta sheet
Figure 4.2 (a) Schematic of manipulator, (b) side view of mounted sample and (c) degrees

of freedom of manipulator shown in (a)
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4.2.4.1. Sample Heating

Heating of . the sample was accomplished by resistive heating with a power supply
capablé of delivering 100A. Resi;tive heating is éccomplished by passing AC or DC
eléctrical current through the sample. The electrical resistance of the sample gives rise to
I’R heat loss. Typica]ly; the sbot welds are the highest resistance points in the eleétricél_
* circuit and thermal conductivity is poor through the small cross sectional area spot welds;
therefore, the sémple heats at an appréciable rate. The optimal sample mounting consisted
of spot welding the Re or Mo sample to 0.0015" Ta tabs which were each spot welded to
a 0.030" Ta plate (see Figure 4.2b). The Ta tabs were much hotter than the sampie while
the sample was being heated. The Re sample required in excess of 100A of current to heat
the crystal to 2000-2100K, because of its large thermal mass. After many cleanirig cycles
the. sample became hot, 60-100°_C, and water cooling was necessz;.xry to reduce the
vtemperature of the manipulator and sample.
4.2.4.2, Sample Cooling ’

Cooling with liquid nitrogeh (LN,) would have beeﬁ desirable but when tlﬁé was
attempted the thermally induced stress caused the spot welds between the sampie, both the
Re(0001) and Mo(IOO_), and supports to br_eak;‘ therefore, water cooling was used instead.
LN, feedthroughs were connected to the two 3/8" Cu rods of the manipulator by copper
 braids. The braids were connected fo the Cu rods about 3" away from the sample which
did not provide the best thermal conduction; however, with a Rh(311) sample spot welded
in the same configuration the sample was cooled to ~170K with LN, cooling. :
4.2.4.3. . Temperature Measurement |

Sample temperature was measured with a W-S%Re/\N -26%Re thermocouple.
Since Mo is very difficult to spot weld to W, the thermocouple was spot welded to the

back of the sample with a 0.0015" Ta foil sandwiched between the thermocouple and the
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Mo sarﬁple. This was not necessary in the case of the Re sample since Re is relatively easy

to spot weld to W.

4.3. Surface Ahalytical Techniques and Instrumentation

4.3.1. Low-Energy Electron Diffraction
The LEED apparatus consisted of a Varian four-grid LEED optics and an "off-

axis" electron gun which was described in Chapter 1. The LEED screen was coated at -

Lawrence Berkeley Lgboratory (LBL) with P-11 phosphor, which has a fluorescence peak
at A, = 460nm with a FWHM (full width at half maximum) of 62nm (Sylvania Technical
Information Bulletin), in a potassium silicate binder. A bias between 5-7 kV was applied to
the LEED screen to obtain diffraction spot intensities that well'e»measurable with the video

‘camera.

4.3.2. Auger Electron Spectroscopy .

Auger electron spectroscopy (AES) was uséd to detemﬂne the cleanliness of the
sample and the chemical composition of the adsorbate-substfate‘ systems.. The LEED
electron gun was used at appro:dmateiy normal incidence wiiha beam energy of 1.5 keV
to induce core-level excitations and the four-grid LEED optics was _uséd as a refarding
field analyzer to energy analyze the secondary electrons.

The first derivative of the N(E) spectrum was taken electronically by

~ superimposing an AC modulation, V,,~7V and v~2.7 kHz, onto a DC voltage ramp. The

first and fourth grids of the four-grid LEED optics were at ground potential. The second
and third grids had the DC ramp with the AC modulation superimposed on them. The
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second harmonic which is proportional to the first derivative of the N(E) spectrum was

detected with a phase:sensitive lock-in amplifier.

4.3.3. Residual Gas Analysis
A UTI 100c quadrupole mass spectrometer was used for residual gas analysis and
helium leak checking of the chamber. It was located in a port exactly opposite to the sulfur

source (see Figure 4.1).

4.4. Sample Preparation

4.4.1. Single Crystals 7 | .

The Mo(100) sample used in these experiments was orie'ntéd with Laue X-ray
back-reﬂection, cut with an electric dischargg machine (EDM), and polished according to
standard metallurgical procedures. The sample was oriented within 1° of the [100]
direction. The Mo(100) sample was a ~7x5x0.5mm oval disk. |
| The Re(0001) sample used in these experiments was loaned by Atomergic
Chemicals Corporation (NY). The Re(0001) sample was a circular disk with a 7mm

diameter and was ~1mm thick.

4.4.2. Sample Cle?ning

The cleaning procedures for Re and Mo are very sinﬁlér since both are refractory
metals. Refractory metals have high melting points, are brittle, and difficult to machine. N
Often they are used as heat shields beéause they oxidize }\at higher temperatures than other

metals. The carbon and sulfur are removed from the ‘surface of both metals with an
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Figure 4.3 Auger spectra of a) Mo(lOO) and b) Re(0001) contaminated with carbon and oxygen.
The numbered peaks in a) and b) refer to the Auger transitions of Mo and Re respectively.
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* Figure 4.4 Auger spectra of Mo(100) é) immediately after an oxygen treatment b) 30 minutes after
a) was taken and c¢) 1 hour after a) was taken. '
oxidation treatment which éonsists of heafing the metal in O, and then fapidly heating the
crystal to a tempei'ature ‘at which the metal oxide desorbs. Carbon is the most difficult
contaminant to remove. In Figure 4.3 Aﬁger spectra of contaminated Mo and Re are
presented. Carbon could never be completely removed from the Mo or Re surface
according to AES. The working pressure in the chamber was 8-9x10-1 Torr and CO
readily adsorbs onto the surface and dissociates at room temperature in the case of Mo.
This made it difficult to maintain a clean surface. In Figure 4.4 a series of Auger spectra
- are shown for different times after an oxidation treatment. The difficulty in maintaining a

clean surface prevented us from taking I-V curves of the clean Re(0001) and Mo(100)
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R S
surfaces since a typical experiment took 30-45 minutes because we had to manually

increment the electron incident beam energy.
Rhenium required numerous cleaning cycles which consisted of heating the sample
| m 1x1076 Torr O, at 1620K for 90s followed by flashing the sample to 2130K for 15-30s.
Molybdenum also required numerous cleaning cycles (on tlte order of 100) which
consisted of heating the sarnple in 5x10‘7 Torr O, at 1700K for 30s followed by flashing
the sample to 2000 - 2100K.

4.4.3. Preparation of Suifur\Overlayer
4.4.3.1. Electrochemical Sulfur Source '
The sulfur source used in these .experiments was a solid-state electrochemical cell:
| Pt/Ag,S/Agl/Ag which ‘has been described in detail eisewhere [4.1]. The source was
heated between 150-180°C and a constant current supply was used to generate currents
on the order of 40pA. A variety of sulfur clusters are ermtted by the source with S, being
the predommant species as verified by the mass spectrometer. If a voltage was applied
across the cell an increase in the mass 64 peak was observed If the voltage was removed
then the mass 64 peak decreased. The sulfur source extended from the flange such that it
obscured part of the LEED optlcs, see Flgure 4.1, but allowed the sample to be positioned
within Imm of the source nozzle. Auger spectra of the Mo(100) surface prior to
depositing sulfur and after depositing sulfur are shown in Figure 45
4.4.3.2. H,S | |
Sulfur deposition was also accomplished by adsorption of H,S from a leak valve
attached to a gas manifold and subsequent dissociation to sulfur and H, by heating the
- sample. Two methods were used to deposit sulfur with ﬁZS. In the first method, H2$ was
adsorbed onto the crystal by baekﬁlling the chamber with le.O‘8 Torr of H,S at room

temperature. Thén the orystal was heated to the temperature necessary to obtain the
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Figure 4.5 Auger spectra of a) Mo( 100) prior to depositing sulfur and b) Mo(lOO) after sulfur was
dep051ted The numbered peaks are the Auger transitions of Mo. _
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Figure 4.6 * Auger spectra of Re(0001) a) prior to depositing sulfur and b) after sulfur was deposited.
The numbered peaks are the Auger transitions of Re.
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desired coverage. In the second method, the crystal was. heated to the required
temperature ﬁs H,S was introduced into the chamber. Both procedures worked equally
well. The H,S Was purchased from Matheson and had a minimum purity ofi 99.5%. fThe
gas manifold was pumped down with a mechanical pump then H,S was admitted into the
gas manifold. Auger spectra of the Re(0001) surface prior to depositing sulfur and after
depositing sulfur are shown in Figure 4.6.

Both methods Qf deposition, the sulfur source and H,S, caused the base pressure
- of the chamber to rise to ~1x10° Torr after repeated deposition and subsequent
- desorption of ;ulfur. Using the TSP reduced the base préssure by a marginal amount, but a

2-3 day bake-out restored the chamber pressure to 4 - 5 x10-1° Torr.

, 4.5. LEED I-V Measurements

4.5.1. Sdmple Alignment |

The effect of a misaligned crystal on the observed LEED pattern and the measured |
integrated intensities was a concern in this work. The following discussion addresses these
issues. In Figure 4.7 the miSalignmént of the crystal‘ is illustrated for two different cases: a)
the crystal is positioned too far away from the LEED optics and b) the crystal is
positione& too close to-the LEED optics. The ideal position of the crystal is ﬁt' the focal
' .point. When this occurs the LEED pattern displayed on the ﬂuorescent screen is
undistorted.

If the crystal is not at the focal point then a diffracted velectronvbeam with exit
- angle 6 will have a‘trajectory that is not radial with reﬁpect tql the LEED optics. In this

- case the electron velocity, v, will have a radial, v, and a tangential, v¢, component. This is
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shown in the enlarged portions of Figure 4.7. If the angle between v and vy is @ then the
following relationships exist | |
v, =VCosQ, | o 4.1)

| vV, =VsSingQ . : : 4.2)

If the Law of Sines is used for the geometry depicted }in Figure 4.7a the following

relationship is obtained relating ¢ and 6
' r d

sin@ sing

4.3)

With a simple rearrangement equation (4.3) can be put into the form
' sinp=k sin0 ,
- where k=d/r. If the Law of Sine§ is épplied to the geometry depicted in Figure 4.7b the
following relationship is obtained _ _ |
: r d
sin® sin(m-9)

@4

Since sin(n-@) = sing, then equation (4.4) is> equivalent to equation (4.3);
therefore, equation (4.3) can be applied to both cases illustrated in Figure 4.7. If d, r, and
B»are known then @, v, and v; can be determined. In Tables 4.1 and 4.2 the values of the
radial and tangential velocity components and the angle ¢ are tabulated for 6=15° and 6
=50°respectively. The angle ¢ indicates the amount by which the beam position on grid 2
deviates 'from-the true value of 8. In ngure 47aa dotf_ed line is drawn from the focal point |

to grid 2 which has an angle 6 between it and the center line. This is the position that the :

‘Table 4.1 The radial and tangential velocity components and the angle @ are tabulated for 6=15°.
k 1/12 1/6 1/3 12
vV 0.9998 0.999 0.996 0.992
/v 002 | 004 0.09 0.13
© 1.24° 2.47° 5.0° 7.4°
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Enlargement of boxed
area in diagram

N

Grids 2 & 3

Grid 1" (Suppressor)

Focal Point °

Enlargement of boxed
area in diagram

Grids 2 & 3
. (Suppressor)

Center Line

Grid 1

Figure 4.7 In both diagrams the radius of curvature is r, the distance between the focal
point and crystal is d, and 6 is the exit angle of the diffracted electron beam. The electron gun
is perfectly aligned; therefore, the incident electron beam is radial. The grids have 120° of arc
or n Steradians of solid angle In a) the crystal is positioned too far from the LEED optics and
in b) the crystal is posmoned too close to the LEED opucs
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' Table4.2

The radial and tangential velocity components and the angle (p' are iabulated for 6=50°.
k 1/12 16 13 2
VeV 10.998 0.992 0.966 - 0.92
vi/v - 0.064 0.13 0.26 - 0.38
Q 3.7° 7.3° 15.1° 22.5°

diffracted electron beam would have if the crystal were located at the focal point. The
actual angle is 6+¢ when the cryStal is displaced some distance, d, behind the focal point.
In Figure 4.7b the angle is 6—(p when the crystal is displaced some distance, d, in front of
the focal'point. From equation (4.3) one can see that @ is directly proportional to 8 so that
the distortion of r'eciprocal space becomes worse at lafger values of 6. Beams exiting close
to the surface normal, assumiﬁg normal incidence, strike the grid close to their ideal
position; however, ’those beams with large exit anglés will strike gnd 2 relatively far from
their ideal positions. This leads to a distortion of the LEED pattern known as the pin-
cushlon effect. In Figure 4.8 this i 1s illustrated for the two different cases of misalignment.
Notice that the dxstorted LEED pattern in Figure 4. 8b when the crystal is too close to the
optics, is smaller than the undistorted LEED pattern in Figure 4.8a. This is in contrast to
the situation where t.he crystal is too far from the optics and the observed LEED pattern is
larger than the ﬁndistorted pattern. In Figure 4.8b the dotted lines which are straight in -
Figure 4.8a are bowed in; whereas the opposife effect is depicted in Figure 4.8¢ ‘where the
dotted lines are bowed out. One important note here is that although we have been
‘ discussing grid 2 the same geometry and equations apply to the LEED screen since all the
grids and screen are concentric. The radius of curvature for va' Variaﬁ LEED screen is 6.35
cm so thev va'.lues.of k=1/12, 1/6, 1/3, and 1/2 corresbond to misalignments d=0.53, 1.06,
2.12, and 3.18 cm respectively in Table 4. 1 and Table 4.2.

The polar angle and the tilt angle were the cntlca.l parameters to set in order to

obtain normal incidence. First the correct distance between the sample and the detector
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~ Figure 4.8 In a) a schematic of an undistorted LEED pattern with four-fold symmetry is shown b)

the same LEED pattern when the crystal is too close to the LEED optics and ¢) the same LEED pattern
when the crystal is too far from the LEED optics. The symmetry equivalent beams fall on the same circle.
The filled spots represent the undistorted LEED pattern and the unfilled spots represent the distorted
LEED pattern. The radial solid and dotted lines illustrate the path that the spots are constrained to move
along depending upon the amount of misalignment. The dashed lines pass through the observed spots and
are straight lines in the case of the undistorted pattern and are curvilinear in the other two cases
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was determined | by placirig the sample at the position where the screen darkehed
homogeneously as the suppfessor voltage was deereased. This condition will be satisfied if
the sample is at the focal point of the LEED optics. The retarding electric field is radial
and qrﬂy opposes the radial velocity component of the electron trajectory. Additionally,
the radial component will be smaller for those trajectories which arel farther from the
center line connecting the electren gun and the focal poirit; therefore, the outer portion of
the screen will darken first if the sample is not i)ositioned at the focal point of the LEED
optics. This will happen for both cases of misalignment shown in Figure 4.7.
 Unfortunately, it was very difficult to mount the crystal within the tight tolerances
required to both obtain normal incidence and position the sample at the focal point of the
LEED opﬁcs. This did not change the diffraction spot intensities since we integrate over
the entire spot but did distort the diffraction pattern which was apparent from the slight
"pin cushion" appearance of the diffraction patterns. The distortion is not easily detected
in the LEED photographs unless a stfaight edge is used. Some distortion may be
introduced by the misalignment of the video camera. This is apparent by an oval
_ apfaearance of the circular edge of the LEED o-pti'cs. Once again this in not crucial in the
measurement of accurate I-V curves since the exact position of the dlﬂ“ractlon spots in k-
space is not the real concern here. —
The sample was 1mt1a11y aligned for the LEED I-V measurements by visually
. determining that the I-V curves for symmetrically equivalent beams were identical and that
these beams reached the detector edge simultaneously as the beam energy was decreased.
As was mentioned above, the symmetrically eciuivalent beams all lie on a circle with its
origin at the center of the electron gun if the crystal is at normal incidence. At normal
incidence the circle is concentric with the detector edge. |
True alignment was determined by recordmg LEED I-V data and comparing the I-

V curves of symmetrically equivalent beams. The quickest method was to first visually
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determine if there was a set of symmetrically equivalent beams which were very sensitive
to the angle of incidence. This was usually true for a small portion of the -I-V spectrum,
particularly where there were overlapping peaks. The next step was to measure the I-V.
spectra of this set of beams and to visually compare the I-V curves. Thus only one set of
symmetrically equivalent beams needed to be evaluated over a relatively small energy
range (e.g. 25-50 eV) to accurately align the crystal. The alignment was complicated by
the fact that no mirror plane of the crystal was parallel to one of the axes of rotation of the

manipulator.

4.5.2. Data Acquisition .
4.5;2.1. Camera _

All LEED I-V data were acquirea with one of two video cameras interfaced to a
Matrox MVP-AT video processing board which was installed in one of the expansion slots
of an Everex 386/25 personal computer. The raw data were stored on a 160 MB hard disk
and subsequently analyzed with a computer program.

The I-V curves for the sulfur/molybdenum stmctufes were obtained with a Dage-
MTI Series 68 video camera with an Ultricon III type 4532/U vidicon tube which had a
18mm silicon target. The Ultricon III tube has a' broad range of spectral sensitivity from
450 to 900nm. An Apollo 25mm £/0.85 television camera lens was used with this camera. |

The I-V curves for the sulfur/rhenium structures were obtained with a Dage-MTI
ISIT video camera which was loanéd as a demonstration model by Dage-MTI. A Fujinon
35mm f/1.7 lens was used with this camera. |

In the-case of both cameras the f-stop' setting, camera gain, and camera black level

were optimized to obtain the largest dynamic range and best contrast.
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4.5.2.2. Computer Algorithm for Data Acquisition

The raw data were acquired with a short computer program written in Microsoft C
which. averaged 128 video frames to generate one image at each energy and stored the
image on the hard disk. This averaging procedure increased the signal-td-noise ratio of the
experiment. The video image was digitized into 512 x 480 pixels (picture elements) with
each pixel intensity digitized to 8 bits of resolutioﬁ or 256 "gray levels". This procedure
produced a two-dimensional intensity map of the entire diffraction patterﬁ at each energy..
For all structures two sets of data wére taken. Since the substrate beams were often more
intense than the superlattice beams, one set of data was taken such that the substrate
beams did not saturate the video camera. For the other set the substrate beams were
allowed to saturate the video camera so that the weaker superlattice beams could be
detected. When a-diffraction spot saturates the camera the intensity measurement is no
longer reliable for that particular diffraction spot. This procedure in effect increased the
dynamic 'range of the experiment. Since the electron gun power supply was not interfaced
with the computer the beam energy was increased manually. After each image was
acquired it was transferred from the video frame buffer to the hard disk and the next image

was acquired.

4.5.3. Data Analysis
| The .I-V curves were generated with a computer program also written in Microsoft
‘C. The program follows a diffraction spot as the beam venergy is increased and intégrates
the spot intensity at each energy. This procedure is repeated for every diffraction beam
that is included in the analysis. B
4.5.3.1. Spot Tracking

Spotﬁ tracking refers to centering the integration window around the diffraction

spot at each successive energy. Manual tracking of the diffraction spot was used for most
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of the analyses. Automated tracking based on finding the largest pixel intensity did not
work reliably, although it was later found that looking for the first moment of the intensity
worked well. The first moment of the intensity was defined as

Ay

r pt ’

1

where Ax;=x; kc and AY,=Y;-Y, with (x., y;) the coordinates of the center of the
integration window and (xi,‘yi) the coordinates of the ith pixel. A user defined window
was used for both tracking and integration of diffraction spot intensities. If automated
tracki\ng was used it was necessary to mpnitor the analysis on-line to detect any problems.
Some problems included the followihg:
o the vbeém is lost when the beam intensity falls below the background
intensity level
. _the beam disappears 'behind the manipulator
« the beam moves through some defect on the LEED opticé
- 4.5.3.2 Spot Intensity Integration
The integrated diffraction spot intensities were obtained by positidning the user
defined window about either the center of intensity, similar to a center of mass, or the
pixel with the largest intensity. The average background intensity around the perimeter of

the window was determined first with an equation of the form

IBM; T jZIj ’ (4.6)

where I; is the intensity of the jth pixel on the perimeter of the integration window. For

an n pixel by m pixel window there are 2n+2m-4 pixels on the perimeter. All analyses in
this work used n pixel by n pixel windows where 7 was an odd number. Next the
background intensity was subtracted from the intensity of each pixel within the window as

the intensities were summed with an equation of the form 3 :
I,- Z(L-1, ) - (4.7)
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This produced the integrated spot intensity at éach énergy with th§ backgrdund intensity
due to incoherent scattering and electron-phonon scattering subtracted out. This was
~ necessary since the calculated intensities did not account for the background intensity. One
important note here is that the integrated intensity is allowed to have a negative value.
Alfhough ihis is not physically realistic, if is possible because the diffraction spot intensity
level may be very close to the background intensity level. Oftentimes the I;V curves have
negative intensities at the nlinima of the éurves. Since the absolute intensities -aie not
important for the dynanﬁcal LEED analysis the I-V curves were shifted upward by adding
a constant offset. |
The integratibn wihdow was rectangular in video space because the pixels are
rectangular. The video aspect ratio is the American video standard 4:3. Combined with the
fact that the video image is digitized to 512 x 480 pixels gives an effective pixel aspect
- ratio of 5:4. This can be easily understood if we take the image to be 4 inches wide and 3
inches high. Then one pixel is 4/512 inches wide and 3/480 inches high. The ratio of the
pixel §vidth to the pixel height is 5:4. This c‘orreq_tion was not made to the n pixel by n
pixel integration window and its eﬁ’ect is probably fninor. Also, a circular window would
Be more accurate since theb spots are typically circﬁlar and the one phonon-electron

scattering produces a halo around the diffraction spot.
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Chapter 5. Review of Clean M0(100) and Adsorption on
Mo(100)

5.1. Review of Clean Mo(100)
.5.1.1. The Low Temperature Reconstruction
Since the observation of the reconstruction of clean Mo(100) from (1x1)—
¢(2.2x2.2) at tefnperatures belon 200K [5.1], much debate has centered on the exact
nature of the reconstruction and the mechanism for the reconstruction. Molybdenum and
' tungsten are in the same group in the periodic table and'both have a body centered cubic
(bee) crystal structure. The reconstruction of the clean W(100) has also been observed by
Debe and King [5.2]. They observed that clean W(100) undergoes a phase transformation
from the (1x1)—>c(2x2) below 370K. The c(2x2) structure is commensurate in contrast to
the Mo(100) low-température | structure, c(2.2x2.2), which is incommensurate. As
indicated by Felter et al [5.1], the reconstruction of Mo(100) is due to the periodic
displacement of metal atoms and not due to the migration 6f metal atoms on the surface.
The reconstruction in both cases depends only on temperaturé; however, defects and
impurities inhibit the phase transformation. |
To explain the reconstruction of W(100), Debe ,atid King [5.2] proposed a zig-zag
model which involves a periodic lattice distortion (PLD) with a wavelength of \2a, where
a is the bulk lattice constant. It is a sinusoidal disturbance in which tungsten atoms in the
first layer are displaced along the <i i> directions. In Figure 5.1 one domain is illustrated
in which the PLD is a longitudinal wave. Another rotational domain with the PLD along

(T 1) is also possible. This type of PLD may explain the reconstruction of Mo(100) except

that the wavevector is not a vector sum of the bulk-terminated lattice vectors.
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Figure 5.1 Model of reconstructed W(100)-c(2x2) generated by a longitudinal PLD with A=V2a
along the <11> direction. The open circles represent the positions of the first layer W atoms in the bulk
terminated surface. The shaded circles represent the new positions of the first layer W atoms in the
reconstructed surface. The filled circles represent the unreconstructed second layer W atoms. The -
displacements, d, are shown to alternate in direction along the PLD. The displacements are exaggerated.

The model first proposed by Felter et al [5.1] for the low-temperature
recon§tructi6n of clean Mo(100) was one in xivhich the sinusoidal variaﬁon was
f)erpendicular to the surface such thét rows of atoms perpendicular to the <11> directions
alternated in height above the second layer. This is a PLD with wavevector, q, along the
<11> directions and with a wavelength, A~y/2.2a. The magnitude of the vertical
displacement is rhodulated to give the proper wavelength of the PLD.

Latér, lateral displacements were - sugg'ested to explain the incommensurate
reconstruction of Mo(100) [5.3]. The investigatibri involved a study of the diffraction spot

"intensities by applying a. simple kinematic treatment. The investigators found that

perpendicular displacements alone could not explain the diffraction intensities. A kinematic

analysis of the diffraction intensities was used to obtain the relation I f (k . d), where J;.
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is the first order Bessel function, k = K - K, is the momentum transfer, and d is the
displacement vector. The intensity analysis showed that q is along the <11> direction.

However, the analysis was unable to determine the magnitude of d_|_. V2.2

A recent analysis _revealé that the incommensurate reconstruction of Mo(100) is
éctuaily commensurate [5.4]. Apparently, two weak diffraction spots were not observed
before. The indexing of this difﬁ'_action pattern is a c(7V2xV2)R45°. The investigafiori used
high-energy ion si:attering (HEIS) because of its simple real space intérpretation and the
- difficulties in performing a structural deterrnin:atioh on a large unit cell by LEED intensity
analysis. The HEIS analysis éompared the experimental ion yields with the yields
calculated from a Monte Carlo simulation of the ion trajectories for a given model
| structure. An antiphase domain (APD) and the PLD models were used. The vertical
di\splacements were varied as a uniform contraction of the first layer and lateral
displacements were varied along the <11> direction. The results were 0.1240.024 for the
lateral displacements and 7:+2% of " the bulk interlayer spacing for the vertical
displacements. The APD model had a domain wall thickness less than 2 ato;ns in width.
The analysis did not favor one model o.ver- the othér. o |

The dynamical LEED analysis for the high-temperature phase, ~300K, of clean
Mo(100) was performed by this group [5.5]. The results were lateral displacements of
0.13A along the <11> direction which were random and produced a disordered "1x1". A
uniform contraction of the first layer by 5.4% of the bulk interlayer spacing was obtained.
This result differed substantially from the 11% contraction obtained by Ignatiev et al [5.6].
5.1.2. Explanations: Theory and Experiment /

A great deal of effort has been 'expended in attempting to theoretically explain the
reconstructions of clean Mo(100) and W(100). Basically, the theories can be divided into
two categories (1) those which emphasize collective electronic modes (i.e. the charge-

density-wave (CDW) model) and (2) those which use a local bonding description. .
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5121 Charge-Density-Wave (CDW) Model
Thg charge-density-wave (CDW) model for_ surface reconstructions was applied by -
Tosatti and Anderson in 1974 to semiconductor surfaces [5.7]. At that time, they pointed
out that Kohn singularities, screening anomalies of the coriduction electrons, are greatly
~ enhanced in one and two dimensional systems and may. play an important role in the
prgpenies of low dimensional systems. The main ingredients of the CDW theory are the
following; .
1. . periodic lattice distortion; a deformation o_f the lattice which is i)eriodic
o2 phonon softening; when the frequency of a phonon mode goes to zero or becom_es
imaginary B
3. charge density wave; a nonuniform periodic distribution of the conduction
electrons - | - |
A periodic lattice distortion (PLD) will generate a band gab in the electronic
’ bands, which in CDW theory will occur between occupied and unoccupied St_at_es. This.
will result in a lowering of the total electronic energy. If the PLD has a wavevector, q,
~ which spans a nested 2D Fermi surface (a Fermi surface which has large parallel portions)
.theh many occupied electronic states will decrease _in energy provided that the energy
decreaée offsets the increase in elastic energy from the deformation of the latticg. If this
occurs then the distorted state becomes the ground state and since the' occupied electronic
states are nonuniform they form a CDW with wavevector, q. .
Another way to think of this is that the electrons distribute themselves nonuniformly in -
an effort to most effectively screen the Coulombic ion-ion interaction. Because the
| wavelength of the CDW is the same as that of the soft phonon mode, the formation of the
CDW "freezes" in the phonon mode which leads to a periodic lattice distortioh (PLD).
The Kohn screening anomaly, which is provided by the surface states, depends on

the Fermi distribution of electrons; the Kolin anomaly "sharpens up" as the temperature
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decreases. This is because‘only those occupied states on the nested Fermi line contribute
to the size of the band gap. A Kohn anomaly, accompanied by nonadiabatic effects whi_ch
increase electron-phonon coupling, produces a softening of surface phonon modes.

Many of the concepts of CDW theory are not transparent; however, a great deal of
insight cén be gained by feviewin‘g some of the concepts of screening by conduction

electrons.

5.1.2.1.1. Screening by Conduction Electrons

The screening of conduction electrons is central to the-CDW model. What follows
is a brief summary of the treatment in Ashcroft and Mermin [5.8]. The féilowing model
assumes a homogeneous distribution of positive charges representing the jon cores
immersed in a free electron gas which represents the conduction electrons. Sometimes this
model is refer;ed to as the jellium model.

The external charge is the pbsitiVe charge due to the ion cores. Although the ion
cores aré‘physically in the free electron gas, they are considered ektema.l to the system of
free electrons. Poisson's equation can be applied to ¢..(r), since the potential is solely B
due to the pdsitive charges, and yields an equation of the form |

| ~V2eu(F) = 47tpex,(rv) , ‘ (5..1)
where p,, (r) is the charge density of the ion cores. An analogous equation can be applied
to the total potential, ¢(r), due to the positive charges and the screening electrons which
has the form , - ,

—V2¢(r)’ = 4np(r), | JRLCE)
where - P(r) = Pex(F) + Pina (F), - (5.3)
and pyg (r.) is the charge density of the free electrop gas induced by the ion cores. The

corresponding Fourier transforms of equations (5.1) and (5.2) have the form |
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dl@) = ol (5.5
Now if ¢(q) is sﬁﬂiciently weak then ¢(q) and pyq ((i) cain bé linearly related. Their
Foﬁrier transforms will satisfy an eqﬁation of the form |

, Pina (@) = X(q)9(q), ) (5.6)
| where. X (q) is the general susceptibility which is the quantity which is the most easily
calculated. Two elementary theories for calculating %(q) exist. The Thomas-Fermi
approach. makes a semiclassical approxifnation, requiring ¢ to be a slowly vé.rying
function. The other is the Lindhard theory which requires the induced chafge of the
electfon gas to be linearly related to ¢, the full physical potential. The Thomas-Fermi
V resulf is not as accurate at large values of q as the Lfnd_hard theory. Since we will be
interested in large values of q, q = 2 kg, we will only consider thé Lindhard theory.

We will present oﬁly the result of the Lindhard theory of screening which has the

form

dk -9y ~fiy)

Poa(@) =—¢? Ha) , (5.7
ina ! 42 hz(k'Q)/{n q ‘

where f; is the Fermi equilibrium distribution. Equation (5.7) is the Fourier transform of

“the induced charge to first order in ¢, the total potential. Using equation (5.6) and

integrating at T=0, equation (5.7) becomes

. Jfmke) 1 1-%°
2(qQ)=-e (hz 2)[2 L

1+x

1-x

] , (5.8)
where x=i.
F

Notice that X(q) has a singulérity at q = 2k;. From equation (5.7) we can infer
from the k-q term that the singularity will be greatest for a wavevector, q, which is
parallel to k. In addition, the singularity in X(q) will be more pronounced when many

electronic states have Kk parallel to q, sirice equation (5.7) is integrated over k. This is the
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reason that the Fermi surface must have nesting properties, i.e. the Fermi surface must
have large parallel segments. The Fermi equilibrium distn'bution requires that only
occupied electronic states with k parallel to q contribute to the singularity in X (q).
5.1.2.1.2. Soft Phonons ,

Phonon softening occurs when the frequency, @(q), of a phonon mode goes to

| zero or becomes imaginary. This can occur for values of q that causé the susceptibility,
X(q), to become‘singular. From equation (5.8) one can see that as q approaches 2kg,
x(q) divérges logarithmically. For ihis to occur the Fermi surface must have nesting
properties. As mentioned above, nesting refers to large portions of the Fermi surfaée
which are parallel to each other. These parallel sections allow a large number of
~ wavevectors satisfying the relation, q + G = 2kp, to span them. The singularity in
%X (q) exhibits .itself in the phonon spectrum by the softening of the phonon mode. These
anomalies in the phonon dispersion are knov,vn as Kohn anomalies [5.9]. Iﬁ general, q can
be the wavevector of a general disturbance.

In the CDW theory the phonon softening leadg to a disturbance in the conduction
| electrons, known as a charge density wave (CDW). The electrons are scattered by the
phonon mode with wavevector, q, from state kto k + q, k + q + G, etc. where G is a
reciprocal lattice vector. This scattering of electrons by the phonon mode sets up a CDW
with wavevector, q.

~ Phonon softening requires relatively strong electron-phonon coupling. This will '
occur when there is a breakdown in adiabafic_:ity, ie when the éonduction electron
velocities are comparable to the velocities of the oscillating ion cores. This will occur
when the electronic bands are flat because the group velocity, dc)/iik, is pfoporti.onal to the

slope of the band.
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5.1.2.13.  Applications of the CDW Model

In 1977, Tosatti applied' the CDW model to the then recently discovered phase
transitions oh Mo(100) and W(100) [5.10]. He foﬁnd that the CDW model did not conflict
with the experimental findings for Mo(100) [5.1] or W(IOO) [5.2]. However, more
experiments were necessary to prové or disprove the model's application to these surfaces.

In 1987, Wang, Tosatti, and Fasolino [S.lll] pcrformed a molecular dynamic(s
study on the Mo(100) surface.‘ They found that at high temperatures a Z; phonon mode
softens signaling an incommensurate transition. Additionally, they found .that the low-
temperature phasé was incommensuréte because of a competition between the phonon
modes M;, a vertical distortion, and Ms, an.in-plane distortion. The low-temperature
result was a structure composed of antiphase domains (APD) of ¢(2x2) with soliton-li_ké
domain misfit walls. Solitons are solitary waves which can collide with other solitary
waves and retain their identity. The domains in the APD }model are due to the compétition

between the two phonon modes.

5.1.2.2.- . Local Bonding Models
Local bonding models have élso been used to explain the reconstruction of
semiconductor surfaces. [5.12]. In the case of v semiconductors this seemed reasonable
because of the directional covalent bonds that exist in the bulk. For example, on Si(11 i).
the "dangling" bonds may hybridize, ﬁom the normally sp3 hybridized bonds in the bulk,
and become more s-like or more p-like, accounting for the (2x1) surface unit cell [5.13].
- In 1979, Terakura [5.14] considered a transverse phonon modé with polarization
. parallel to [100] and a longitﬁdinal mode with polarization parallel to [110]. He used a
tight binding method because the d-band energy had been shown to be the most important
factor in determining the- crystal structure of transition metals [5.15]. He found that the

contraction of the first layer enhances electron-phonon interactions to obtain a lower
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energy. He concluded that energy lowering from Fermi nesting may be small relative to
that obtained from a first-layer contraction. Therefore, the first-layer céntraction may
stabilize the reconstruction. |

McMillan in studying charge density waves in layered-transition metal
dichalcogenides suggested a modification to the conventional CDW theory [5.16]. He
suggested that the coherence length of the charge density waves is very short and that the
phonon‘entropy is more important than the electronic eﬁtropy. : |

Inglesfield used this modiﬁed.CDW theory applied to Mo(100) [5.17]. He found
that the instability of the surface is the critical factor in the reconstruction. His work
showed that surface states are important, but that phonon softening occurs because

' surface' atoms move in an effective temperature-independeﬁt -anharmonic potential. He also
found a uniform surface contraction to be favorable because it increases the interaction of
the 4d peak in the density of" states with the substrate atoms.

Singh and Krakauer [5.18] performed. ab initio calculations using a linear
augmented plane wave method based on a general potential appfoximated by local-density
to study the energetics of several distortions on the Mo(100) surface. ’I"hey found that the

| unreconstructed surface is highly unstable and is not likely to be the high temperature
structure. They also found that a surface inferlayer relaxatioh tends to stabilize the ideal
surfacé and is due to short-range interactions resulting from undercoordination of the ideal
surface (i.e. dangling bonds need to be satisfied, so to speak). They conclude that the high
temperature structure would have correlated displacements comparable to those on the
reconstructed surface without long-range order. Roelefs et al indicate that. experimental
evidence support§ this [5.19, 20]. Contrary to the finding Qf Fasulino, Santoro, and Tosatti

/s

short-range attractive forces are important.

[5.21], that short-range repulsive forces are important, Singh and Krakauer found that
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'5.1.2.3. Expeﬁrhents to Verify or Disprove the CDW Model

The CDW model can be ‘exp'erimentally investigated by mapping 6ut the two
- dimensional (2D) Fermi surface. For the CDW model to be valid for Mo(100) and W(100)
the respective 2D Fermi surface must have nesting properties, that is there must be surface
electronic states close to the Fermi level with large parallel segments which can be .
spanned by a wavevéctor, q, which has the same magnitude and direction .as the PLD
observed for the respective surface. |

Before discussing the results of the experiments soxﬁe terms must be defined. The
surface Brillouin zone (SBZ) is the 'pr;;jection of the three dimensional Brillouin zone
aldng the crysfallographic direction which is perpendicular to the surface. The 2D Fermi
surface, however, is not sifnply the projection of the three dimensional (3D) Fermi surface
because there may exist surface states and Rydberg states which modify the projection of |
- the 3D Ferrm surface. Two dimensional Fermi surfaces are well approximated as tubular in
shape and thlS geometry leads to more effective couplmg of different portions of the Fermi
surface [5.22). This in turn leads to more pronounced instabilities and electromc screening
sinée many occupied states of the Fermi surface can be spanned by a wévevector, q, ofa
general disturbance. | | | |
| Smith et al [5.23, 24] used high-resolution angle resolved. photoemission
spectroscopy to map out the 2D Fermi surfaces of Mo(100) and W(100). They were
primarily looking for _heévily nested Fermi surfaces to support the CDW model of surface
reconstruction on Mo(100) and W(100). If signiﬁ.cantv nesting does not exist on these
surfaces then the CDW model is not vélid for these surfaces; but if nesting does exist, it
may not be the main factor driving the reconstruction. A’pr'evious experimental study
found no significant nesting of the 2D Fermi surface of W(100) and the CDW model was

diséarded [5.25]. However, calculations of phonon dispersions on Mo(100) [5.26] indicate

that Fermi surface nesting is important.
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Smith et al [5.23] found what they considered to be significant Fermi surface
ne;ting on W(100) and Mo(100). They also found flat, non-dispersive electron bands near
the Fermi level, Eg, over significant regions of the SBZ. This is significant because a
breakdown in adiabatiéity occurs when electron velocities are small relative to ion core
vibrations and this occurs when the bands are flat. Additionally, since phonon vibrational
energies are generally smaller than electron binding energies, a strong breakdown of
adiabaticity will only occur if the flat eléctron bands are near Er. Smith et al [5.23]
intefpret their results to be in agreement with the theoretical results of Wang and WeBer
[5.27], that an interplay bétween non-adiabatic effects and Fermi surface phenoméha are

important in the reconstruction of Mo(100) and W(IOO). _

'S.2. Review of Adsorption on Mo(100)
5.2.1. H/Mo(100) |

The phase diagram for the H/Mo(100) system is very complex and has received a
great deal of attention over the past 15 years because (1) the system provides a goo;i
physical model for the study of two dimensional phaée transitions, and (2) because the
différént phases are thought to be due to strong aci‘sorbate;induced reconstruction [5.28].
Two dimensional phase transitions are very interesting from both a theoretical and
experimental viewpoint. One common, yet simplistic, model for studying two-dimensional
phase transitions is the lattice gas model. This model assumes that the substrate primarily
provides an array of sites on which the adsorbate binds. Additionally, the model assumes
that adsorbate-substrate interaclztions are more important than é,dsorbate-adsorbate
interactions. A major shortcoming of this model is that it does not include substrate
reconstruction which is relevant for Mo(100) and W(100) vsince they both reconstruct. |

Phase transitions may be categorized into two types: first order and second and

higher order. First-order phase transitions are those in which an abrupt rearrangement of
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- the crystal lattice occurs and the thermodynamic state chariges’disbontinuously. In other
words, the thermodynamic ﬁmctioﬁ has a discontinuity, its first derivative does not exist,
at some critical temperature, T;. Second or higher order phase transitions display a
continuous change of thermodynamic state from one phase to the other.

As early as 1978, Barnes and Willis [5.29] c_oncluded from an HREELS study that
hydrogen on W(100) at room temperature sits in a two-fold bridge site and that the
W(100) surface is reconstructed in a manner similar to the low-temperafure reconstruction
of the clean W(100). Barker and Estrup [5.30] concluded that the H/Mo(100) structures

~are like the low-temperature H/W(100) sti'uctures, due to adsorbate-induced

reconstruction because a simple relationship between coverage and structure did not exist.
Although tungsten and molybdenum ére very similar, the [100] f:ace, clean and

hydrogen covered, of each behaves differently with regards to structural transitions [5.31, °

32]. In 1987, Prybyla et al [S.32] found that phase transitions on the H/W(100) system are

second order, whereas those on the H/Mo(100) system are predominanﬂy first order.

They concluded that the effective H-H interactionsi are very diﬁ'erent for the two

substrates. The H-H interactions lead td island formation bn: Mo(100) and to a uniform

hydrogen layer on.W(100). They explained the diﬁ’;erence by a phonon-mediated
interaction mechanism. The H adatoms induce subst:ate distortions which couple with
surface phonon modes, but the surface phonon modes on the two surfaces are thought to
be different. They suggested that a rigid-substrate model be abandoned for one which

v inéiudes surface phonon modes. ,

In 1991, Prybyla et al [5.28] combined LEED studies with surface infrared
spectroscopy (SIRS) studies of the H/Mo(100) system and found that the H sit in two-fold
bridge sites for all coverages and temperatures.. They concluded that the co‘mplexity of the

phase diagram is due to the tendency of Mo(100) to reconstruct. Additionally, they found '
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that the' IR frequency of the Mo-H-Mo symmetric stretch could bé correlated to the
magnitude of the Mo displacements in each of the reconstructed phases. A

As regards a domain-wall model, Prybyla et al [5.28) found that the Mo-Mo
distance for the bridge site must be constant over the surface so a domain-wall structure
woulci be consistent with the LEED and SIRS results. They found that the Mo-Mo
distance at the bridge sites is smallest at low. H coverages where the surface is
reconstructed the most and that the Mo-Mo distance slowly relaxes back to the bulk value
with increasing coverage. | N

In 1980, Barker et al [5.3] used a simplified kinematic treatment of the intensity o'f
the LEED patterns for the clean and H covered Mo(iOO). As already mentioned they
found that tﬁe displacements were along the <11> direction'for the clean Mo(100) and
that the Mo.displacements were along the <10> direction for the H/Mo(100) structures.
;They suggested that the Mo displacements are along the <11> direction for the clean
Mo(IOO) and that the hydrogen adsorption induces displacemehts along the <10>
direction. This phenomenom appears to occur on W(100) also [5.33, 34].
5.2.2. O/Mo(100) |

' Oxygen and sulfur are similar in that both are in the same group in the periodic

table; however, important differences exist - oxygen is more electronegative than sulfur
3.5 fof O and 2.4 for S), sulfur's covalent radius, 1.404, is .larger than oxygen's, 0.66A,
and sulfur can form more highly'cobrdinated compounds than oxygen can, fqr example
SFg ﬁrhere the sulfur is the éentral atom to which all the fluorine are attached. From the
fact that sulfur and oxygen are both chalcogens one might éxpect them to have similar
adsorption behavior on Mb(lOO); however, this is not the case. - '
. - Two main studigs of the O/Mo(100) system have been performed for low
‘ coverages, one by Bauer and Poppa [5.35A] in 19l79‘and another by Ko and‘ Maddix [5.36]

in 1981. Both studies investigated oxygen adsorption on Mo(100) at basically. two

7
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temperatures, 300K and 1050K [5.36] and 1100K [5.35). For the most part their LEED
results and cerrages agree fairly well. Figure 5.2 shows a summary of their results.

_ Bauer and Poppa [5.35] studied the O/Mo(lOO)'i system using AES, LEED,
electron stimulated desorption (ESD), and thermal desorption (TD).- They found that Mo
and W differ at low coverages and/or at room temperature. Mo is already reconstructed at
~ room temperature and seemed to _re-reconstruct at higher coverages while W remained
unreconstructed up to saturation coverage at room femperature. This difference
disappeared ﬁth iﬁcreasing coverage when lateral repulsion created a distorted hexagonal
array of oxygen atonis,. but stil W and Mo differed. They proposed that the large
differences between the O/Mo(100) and O/W(iOO) systems were dpe to: (1) weaker
interatomic bonding of Mo compared to W and (2) to the nearly equal strength of the |
metal-oxygen interactions. They formulated three stages which characterize oxygen
adsorption on the [100] face of bcc refractory metals

1. oxygen is incorporated into the topmost layer up to a maximum coverage, 0,, at
a givéﬁ temperature |
2. oxygen adsorbs ontopuptoa temperature-dependeht maximum coverage,0,
3. this becomes unstable above 8, and again oxygen is incorporated into the first
two fnetal layers _ |
Ko and Maddix [5.36] found that heaﬁng any oxygen structure, that was obtained
from room temperature adsorpﬁon, above 1000K irrevérsibly transformed into the high
temperature structure at that given coverage. ,
The work fuxiction measurements "of Bauer and Poppa [5.35] showed that at
certain oxygen coverages there is a work function decrease. This was ihterpre_ted as
' surface reconstruction involving the incorporation of oxygen from on top of the first Mo

layer to in between the first two Mo layers. This exchange of adsorbed oxygen from on
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top of the topmost Mo layer to directly below it had been suggested previously for the
O/W(100) systeri [5.37, 38]. | R

5.2.3. S/Mo(100)
The >leethc‘>ra of investigations of the' S/Mo(100) system, consisting primarily of
LEED, AES, work function measurements, and thermal desorption- studies, have done |

very little to resolve the controversies regarding the differences in the results of these
p _

studies.
Table 5.1 LEED patterns as a function of sulfur coverage on Mo(100) [5.40}
coverage range LEED pattern
(monolayers) '

00-03 1x1
0.3-0.5  c(2x2)

0.65-0.70 2 -1

1 1

0.75-0.9 - c(4x2) -

09-1.1 = p(2x1)

Salmeron et al [5.39] noted that some of the LEED patterns that they and others
had observed might be due to oxygen contamination which is primarily due to the oxygen
cleaning treatments and subsequent flashes. They proposed that as the crystal cools
- oxygen that had diffused into the bulk during the cleaning treatment segregates to the
* surface. Farias et al [5.40] also suggested that some of the discrepancies among their work

and that of other investigations might be due to contamination by small amounts of
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oxygen. This seems entirely reasonable given the fact that the Auger cross section for
oxygen is small, so small amounts of oxygen would be difficult to detect. Additionally, an
added overlayer of sulfur may cause the oxygen to be virtually undetectable especially if
the oxygen is beneath the first Mo layer as suggested by the work of Bauer and Poppe
[5.35]. Salmeron et al [5.39] made the observation that only the ¢(2x2), ( ) and the
c(4x2) structures were observed by all investigations [5.39]. Interestingly, all the other
structures were observed for the O/Mo(100) system. Since Farias et al [5.40] published
their resu1ts the accepted ordered ‘structure_s of 'sulfur.on Mo(100) are given in Table 5.1.

Many investigations have claimed that the p(2x1) was often streaked in the [10]
and [01] directions [5 39, 41]. In our work this streakiness was observed to sharpen into
(m/4 n/2) spots of the c(4x2) LEED pattern Salmeron et al [5.39] suggested that the
p(2x1) might be a disordered version of the c(4x2) with sulﬁxr vacancies in the compact
rows of their proposed real space model which would give domains shorter along the
<10> directions. Clarke [5.41] interpreted the streakiness to indicate a degree of disorder
in the b;'idge site rows of his proposed structure.

‘A scanning tunneling microscopy (STM) study performed by Marchon et al [5.42]
imaged the p(2x1)'S'-Mo(100) structure at atmospheric pressure. The sample had been
prepared in UHV prior to beihg placed in the STM. Within the error of the calibration of
the piezoelectrics the sulfur heights were equtvalent so the 1/4 1/4 model was 1mp11cated
The 1/4 1/4 model places the sulfur adatoms in equivalent asymmetric hollow sites. This
' model can be generated from a (1x1) unit cell with one sulfur per cell. The sulfur is
located at the center of the unit cell, i.e. a four-fold holluw site. The sulfur atoms are
| displaced by a/4, where a is the bulk lattice constant of Mo, in the direction parallel to the
shorter side of the p(2x1) umt cell. Every other sulfur is dnsplaced in the same direction

such that the sulfur atoms form zig-zagged rows along the dlrectlon of the long side of the
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p(2x1) unit cell. Clarke [5.41] had earlier proposed a bridge-hollow model to explain the
coverage and unit cell dimensions. ) |

o Wang and Louie [5.43] 'performed électronic structure and total energy
calculations using an ab initio pseudopotential local density functional approach to
investigate the various models for the c(2x2) and p(2x1) structures. This study did not
consider substrate reconétruction because it is generally of minor importance, a few
hundredths of an eV, relative to different adsorption sites, tenths of an eV. For the c(2x2)
structure they only considered sulfur in a four-fold hollow sit.e since Clarke's dynamical
LEED analysis [5.41] had indicated that this site was the best of the three possible high-
symmetry sites (atop, two-fold bridge, and four-fold hollow). They varied the distance of
the sulfur above the first Mo layer; their optimum value, d, =0.95A, compared well with
the LEED [5.41] and ion scattering results [5.44]. For the p(2x1) Struc_:ture they
considered models with various distortions from hollow-hollow, where both sulﬁ1rs"
occupy four-fold hollow sites, to bridge-bridge sites, where both sulfurs occupy two-fold
bridge sites. This effectively amounts to displacing the sulfur overlayer by a/2, where a is
the bulk lattice constant of Mo, The hollow-hollow model was lower in energy than the
bridge-bridge model which implied that the hollow §ite is energetically more favorable.
The bridge-hollow _modél was lowest in total energy and the 1/4 1/4 model was the highest

in total energy.
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Chapter 6.  Ordered Sulfur Overlayers on Mo(100) .

6.1. Specific Procedures Used for Structure Determination

The experimental I-V curves for each diffraction beam were generated‘ from the
video imagcs of the LEED pattern at each energy using the analysis program described in
Chapter 4. The experimental I-V curves were acquired on a 2eV energy grid. Once the I-
V curves were generated they were normalized with respect to the incident electron beam
current. In the experiment the incident electron beam current increases almost linearly with
increasing electron beam energy§ therefore, the intensities of the diffraction beams at a
given enérgy cannot be compared to the intensity of the sarﬁe diffraction beam at another
energy. Although we used the Pendry R-factor which is most sensitive to the peak position

in the I-V curves and not the relative intensities of the peaks, the peaks can be skewed if

the I-V curves are not normalized with respect to the incident-electron beam current. All

the experimental I-V curves and averagéd experimental I-V curves which are presented in
the ﬁgufes in Chapters 6 and 7 have been normalized with respect to the incident electron
beam current and have not been smoothed. Aﬁer normalizing the I-V curves, an
experimental file which contained all of the individua} I-V curves was generated. This file
was used as an input file for the tensof LEED programs for comparison with the
calculated beam intensities. |

In the tensor LEED programs the experimental I-V curves were averaged, then
Smoothed‘ once with a three point smoothing algorithm, and ﬁnélly interpo_lated onto a
0.25eV energy grid prior to being compared with the theoretical I-V curves, i.e. the R-
factor analysis. The theoretical I-V curves were generated on a 4eV energy grid and were

also interpolated onto a 0.25eV energy grid.
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The atomic scattering of Mo and S was described by 8 phase. shiﬁs therefore ‘the
sphencal wave expansron was truncated at ¢ _=7. The phase shifts were calculated
- previously [6.1] for a cluster of 67 sulfur and molybdenum atoms which had
approximately'the structure that was expected for the Mo(100)-c(2x2)-S. The imaginary
part of the potential, i.e. the darrrping term, was energy independent and was held constant
~ at 5eV. The thermal vibrations of the surface atoms were included with the bulk Debye
temperatures of 450K for Mo and 686K for S.

The atomic scattering of Re and S was described by 9 phase shifts; therefore, the

spherical wave expansion was truncated at £ na=8. The phase shifts were calculated for a
- semi-infinite slab composed of one layer -of sulfur atoms and three layers of rhenium
atoms, which had appromeately the expected structure of the Re(OOOl)-p(2x2) S. The
imaginary part of the potentlal was 5eV and the Debye temperatures of Re and S were
360K and 850K respectively.

" For all the surface structure analyses presented in this work, the Pendry R-factor
was use_d for the R-factor analysis. The procedure that we followed for the surface
structure determinations Was to use structural models based on the known umt cell
dimensions and the sulfur coverage. In general we placed the sulfur in high symmetry sites
with the greatest coordination with the substrate atoms. If experimental or theoretical
evidence suggested variations from this then we trieddthose models also. In general; only a
few structural models were likely candidates and these were used as reference structures
for the tensor LEED analysis. The optimum structure found by the tensor LEED analysis
was always checked by performing a full dynamical LEED calculation; i.e. a conventional
LEED calculation. A best fit structure was not always obtained from the tensor LEED
analysis because, presumably, our models were not close enough to the correct structure. -

If we could not generate more models within the restrictions of the unit cell dimensions
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- and sulfur coverage then we said that 'the LEED analysis failed to produce a best fit
structure. |

In the following discussion of our results we give the value of the muffin-tin
constant, which we loosely refer to as the imier potentigl, V.. The muffin-tin constani is
the difference in potential energy between the vacuum level and the régions of constant
potential in the interstitial regions of the muffin-tin model. This value is an adjustable
parameter in the LEED calculations and amounts to a rigid shift of the energy scale of the
theoretical I-V curves. Typical values of the muffin-tin constant range from 5-15 eV.

A leﬁ-handed coordinafe system was used to define the geometry of the models
with the positive x direction into the surface. All the .ﬁgures have the poéitive i-axi&
pointing vertically upward, the positive y-axis pointing horizontally to the right, and the
positive x-axis pointing into tHe paper. The Ax, Ay, and Az values correépond to the.
change in the respective coordinate relative to the reference geometry. The x' values are
the new x values normalized so that the oﬁgin corresponds to the center of an atom, which
is usually the sulfur, which is farthest ﬁom the substrate surface. Therefore, the x' values
are the coordinates of the structure found by ihe tensor LEED analysis.

6.2. Mo(100)-c(2x2)-S

~ The LEED pattern for the Mo(100)-c(2x2)-S is shown in Figure 6.1. The
corresponding schematic which shows the symmetry of the diffraction beams is illustrated
in Figure 6.2. The I-V curves for the individual beams are shown in Figure 6.3. The
structure was prepared by depositing sulfur from a sulfur source and subsequently
annealing the surface at 1600-1700K for 30s. This formed a structure which produced a
sharp ¢(2x2) LEED pattern. As wés meﬁtioned before, the Mo(100)-c(2x2)-S structure
occurs at a sulfur coverage equal to 0.5 ML which is defined as one sulfur atom for every

two molybdenum atoms. Previous investigations of the structure [6.1, 2] found the
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Figure 6.1 a) diffraction pattern of Mo(100)-c(2x2)-S at 114 eV as displayed on video monitor and b)
schematic of c(2x2) diffraction pattern with the crosses represent the fractional order beams and the filled
circles represent the integral order beams. The (hk) labels of the beams are directly beneath the beam. The
dotted and dashed lines represent the four mirror planes. The shaded crosses and circles are the beams
that are not seen in the photograph.
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P (2.6, i.o) I @ (25 0.5)"

Figure 6.2  Schematic of c(2x2) LEED pattern illustrating the symmetry of the diffraction beams at

normal incidence.
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four-fold hollow site to be the best site among the possible high symmefry Sites, atop, two-
| fold bridgé, and four-fold hollow. Therefore, the two other high symmetry sites were not
considered in our structural analysis. In Figure 6.4 a top view and side view of the real-
space model are depicted. The smaller unit cell is the c(2x2) and the larger unit cell is, a
p(2x2) unit cell. In Fiéﬁre 6.4b a side view is shown where the shaded circles represent the
second- and fourth-layer Mo atoms which are behind the plane of the paper as are the

sulfur atoms. Our first tensor LEED analysis [6.3] of our data found a best fit geometfy in
| which the second-layer Mo atom, atom 5 in Figure 6.4, buckled upward. This resulted in a
sulfur bonded to 5 molybdenum atoms, four in the first layer and .one in the second layer. -
Each of the five bonds was approximately the sum of the covalent radi. These results
seemed reasonabie and a good fit was indicat.ed by a Pendry R-factor of 0.24. The
bee(100) surface is more open than' other low-Miller index surfaces and the relatively large
sulfur atom is able to fit deep into the hollow sites. The second-layer buckling was
relaﬁvely large, ~0.16A; however, the R-factor was fairly insensitive to the magnitude of

the buckling.

a)

b)

Figure 6.4 Real space model of Mo(100)-c(2x2)-S a) top view and b) side view which is a cut along
the dotted line in a). The numbers label the atoms which were allowed to vary in the tensor LEED
calculation. These atoms make up the composite layer. The numbers refer to the geometry given in Table
6.1 where atoms 4 and 5 have been reversed.
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A reanalysis of this structure was undertaken with an improved version of the
tensor LEED code. The reference structure that we initially used assumed bulk interlayer
spacings and used the S-Mo interlayer spacing that we had determined in our earlier
* calculation [6:3]. The sulfur overlayer and first two Mo layers were allowed.to vary in the
tensor LEED analysis. No reconstruction was takén into account, since the displacements
of thé Mo atoms on thé cleé,n or H covered Mo(100) surface are on the order of 0.1A
[6.1, 4]. If the Mo(100) substrate is recéhstructed with displacéments oh the order of
0.1A then the tensor LEED __analysis may be able to determine whether this is the éase.
However, detenrﬁning whether the substrate is reéon'structed tnay not be possible since the
uncertajnty in the lateral positions of the atoms is on the order of 0.14 also. Additionai
off-normal incidence I-V data would be needed to feduce this uncertainty. The input

geometry is given in Table 6.1.

Table 6.1 ‘Input geometry of the reference structure where the
interlayer spacings have the bulk value and the Mo-S interlayer
spacing is the result from our previous calculation [6.3].

X | y ' z
S(1) 0.000 0.000 0.000
Mo(2) 1003 | 1575 1575
Mo(3) 1.003 -1.575 1.575
Mo(4). 2.578 0.000 ~0.000
Mo(5) | 2578 | 0.000 3.150

The result of the tensor LEED search is summarized in Table 6.2. The atoms were
constrained to move only in the x-direction. The result of the tensor LEED -analysis -
revealed a second layer buckling as we had found previously [6.3], but the buckling' Was‘in
the opposite direction, that is the second layer Mo, atom § in Figure 6.4, moved deeper
down. The results are similar whether the first-layer Mo atoms were allowed to move

independently or constrained to move together since they are equivalent by symmetry. . |
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Table 6.2 Results of tensor LEED search
perpendicular to the surface. The two first-layer Mo
atoms are moved together. The Pendry R-factor was
0.206 and the inner potential was 9.0 eV.

Ax X'
S(1) 0.0357 0.0000
Mo(2) 00536 | 1.0209
Mo(3) 0.0536 1.0209
Mo(4) 0.0687 2.6110
Mo(5) -0.0191 2.5232

This can be seen by comparihg the results in Table 6.2; for the case where the two first
layer Mo atoms were constrained to move together, with the results in Table 6.3, for the
case where they were allowed to mO\‘le independently. |
Since the result of this new calculation contradicted our previous study [6.3], the
»optimé] geometry Qf the previous study was used as the reference structure and a - -
conventional dynamical calculétion and subsequent tensor »LEED calculation were

performed. The input geometry is given in Table 6.4. We will refer to this structure as

Table 6.3 = Results of tensor LEED search
perpendicular to the surface. The two first layer Mo -
atoms are allowed to. move independently. The
Pendry R-factor was 0.214 and the inner potential

was 8.68 eV.
AXx. X'
sy | 00127 0.0000
Mo(2) 00233 | 1.0136
- Mo(3) | 0.0152 1.0055
Mo(4) 00328 | 2.5981
Mo(5) 00188 |  2.5465 .
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S Table 6.4 Input geometry of the reference structure, Buckled

S_tructureA.
x y  z
S(1) 0.000 0.000 |  0.000
Mo(2) 1.000 1.575 1.575
Mo(3) 1000 -1.575 1.575
Mo(4) 2.380 10000 | 0.000
Mo(5) 2540 | 0000 - 3.150

Buckled Structure A. The results of the tensor LEED calculation are given in Table 6.5.

The surface unbuckled and started to buckle in the opposite direction. The sulfur-

molybdenum bond distance did not differ much between the two calculations. If only the

inner potential, V,, was varied the R-factor for the input geometry was obtained. In Table

6.6 the Pendry R-factor for each reference structure is listed.

Table 6.5 Results of tensor LEED search

perpendicular to the surface. Buckled Structure A
was the reference structure. The Pendry R-factor was
0.262 and the inner potential was 9.3 eV,

~ Ax X
S(1) -0.0103 0.0000
Mo(2) 0.0064 1.017
) , Mo(3) 0.0064 1.017
Mo(4) 0.1584 2.549
Mo(5) -0.0044 2.534
Table 6.6 Pendry R-factor for three reference structures. Only a conventional ‘dynamical LEED

calculation has been performed.

Buckled Structure A | unbuckled structure

Buckled Structure B

R, 0.651 0.265

0.216
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The input géémetry for the buckled reference structure is given in Table 6.7. The
R-factor for this structure is‘ given in Table 6.6. Clearly, it is the better Qf the thfee. Using
the results of the tensor LEED analysis of the unbuckled reference structure in Table 6.2
for the x coordinates (i.e. use x') and the y and z coordinates given in Table 6.1 as the
input geometry of another tensor LEED calculation provides a check of the validity of the
first calculation. We will refer to this structure as Buckled Structure B. Table 6.8 shows

the results of the tensor LEED analysis. The changes are extremely small, on the order of

"

Table 6.7 Input geometry of reference structure, Buckled

Structure B.
X _ y z
S(1) £ 0.000 0.000 0.000
Mo(2) 1.0209 L1575 1.575
Mo(3) | 1.0209 -1.575 1.575
Mo(4) 2.5232 0.000  3.150
Mo(s) | 26110 0.000 10.000

0.01A, which is within the error of the calculation. Smoothing the experimental I-V
curves did not make a significant difference in the optimum geometry.
Table 6.8 Results of tensor

LEED analysis. The Buckled
Structure B was the reference

structure.
Ax
S(1) -0.0069
Mo(2) -0.0070
Mo(3) -0.0070
- Mo(4) 0.0045
Mo(5) -0.0089
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If all the atoms are allowed to move in all three directions independently, that is no-
constraints are imposed, then the first layer buckles. This can be seen in Table 6.9. The

parallel displacements aré small, <0.1A, and their significance is not obvious.

"~ Table 6.9 Results of allowing all atoms to move independently
in"all three directions for Buckled Structure B as the reference
structure. R;=0.1868 and V= 8.49 eV.

Ax | Ay Az -
S(1) -0.0154 0.1395 0.0531
Mo(2) 0.0219 0.0499 0.0060
Mo(3) 00445 | 00718 -0.0912
Mo(4) | 0.0059 -0.0096 | 0.0007
Mo(5) | -0.0169 0.0313 | -0.0077

To check the significance of the first layer buckling a vreference calculation and
subsequent tensor LEED analysis was done. The calculation was slightly more difficult
because ‘the symmetry of the surface was reduced by buckling the first molybdenum layer. .
The lower symmetry required more beams to be considered in tﬁe calculation. The input

geometry is given in Table 6.10. We will refer to this structure as Buckled Structure C.

Table 6.10 Input geometry of reference structure, Buckled
Structure C. The results from Table 6.9 were used for the x
coordinates.
X y z
sa)y | 0.000 0000 | . 0.000
Mo(2) | 09918 | -1575 1.575
‘Mo(3) | 10582 1575 1.575
Mo(4) | 25445 | 0.000 3.150
Mo(5) | 26095 .| 0.000 0.000

The R-factor for this structure (i.e. only varying the inner potential) was 0.216

which is essentially the same as that obtained for the reference structure with second-layer
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buckling only, Buckled Structure B. The results _of the tensor LEED analysis are giizen in
Table6.11. | ' | N
| Since the R-factors are essentially the same for the reference structure with
second-layer buckling alone, Buckled Structure B, and the reference structure with both
first- and second-layer.buckling, Buckled Structure C, the R-factor is insensitive to the
'ﬁrst-leyer ‘bucldin'g. If buckling of the ﬁfst layer exists, it 1s too small to reliably determine
with this technique.
- Table 6.11 Results of tensor LEED
analysis . for  the  direction

perpendicular to the ' surface.
. R=0212and V,=8.75eV.

Ax :
s(1) 0.0142
Mo(2) 0.0108
Mo(3) . | 0.0080
< Mo(4) | | ‘-070046
© Mo(5) 0.0084

When all coordinates Were varied independently for each of the five atoms in the
composite layer the sulfur atom and the top-most buckled first-layer Mo atom, atom 3 in
Figurev6.4, had dieplacements on the order bof 0.1A parallel to the surfece. All the other
Mo atoms had lateral displacements <0.05A. Notice in Table 6.9 that the sulfur Ay
displacement, along the <10> direction, is relatively iarge. As mentioned earlier, the first-
layer Mo atoms in the H/Mo(100) system have di_splacements on the order of 0.1A along
the <10> direction. However, in the case of S/Mo(100) one might suspect that the sulfur
atoms bond strongly to the Mo substrate and possibly remove the reconstruction.” This
may be very prebable but from the tensor LEED analysis this is difficult to say with
complete certainty. A tensor LEED analysis using off-normal incidence data would be

required to try to resolve these issues. This would also seem to be required'to accurately
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determine the low-terflperafure reconstruction of clean Mo(100) since 'the displacements
are thought to be on the order of 0.1A.

In conclusion, the proposed structure for Mo(100)-c(2x2)-S exhibits sécond-layer
buckling, has a Mo-S bond length of 2.45A which is roughly the sum of the covalent radii
of S and Mo (2.40A), and the sulfuf adatoms sit in four-fold hollow sites. Thé structure is

shown in Figure 6.5. A comparison between the experimental and theoretical I-V curves is

Figure 6.5 Side view of the best fit geometry for the Mo(100)-c(2x2)-S structure. /

shown in Figure 6.6. Three sets of theoretical I-V curves are compared to the set of 8
experimental I-V curves. The theoretical curves, labeled Vo, correspond to the input
geometry given in Table 67 The theoretical curves, labeled "x", correspond to a
geometry with the x cobrdiﬁates given in Table 6.8‘ and the y and z coordinates given in
Table 6.7. These I-V curves are the result of fthe tensor LEED calculation where the atbms
were only allowed. to move perpendiéular to the surface and the coordinates of the
reference structure are given in Table 6.7. The other theoretical curves, labeled "xyz", are
_the results of the fensor LEED calculation where the atoms were allowed to move along
- all three coordinates. Notice that the theoretical curves look‘very. similar and that not
much ‘improvement is made by displacing the atoms from the reference structure

geometry. This strongly suggests that we are in a minimum.
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Figure 6.6 I-V Curves of Mo(100)-c(2x2)-S: Comparison between theory and experiment
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6.2.1. Comparison with Other Studies

A recent scanning tunneling microscopy (S’I'M) study of Mo(100)-c(2x2)-S system
‘compared the STM data with the resﬁlts‘of cal-culatiens[6.5]. The calculations model the
structure of both the surface and the STM tip and calculate what the theoretical STM

image would look like. The preliminary results have indicated that both geometries

proposed by the two different LEED calculations give a minimum in the STM calculation. ‘

Our first result with the second-layer Mo beneath the sulfur buckled upward is the best
structure if the STM tip is a Re tip. A Re wire tip was used in the actual experiment. Our
second result with the second-iayer Mo beneath the sulfur buckled downward is the best
structure if the STM tip is covered with sulfur atoms. The second result seems likely since
| the STM tip may very likely be picking up sulfur atoms as it scans across the surface. ,
However, the STM caleulations are unable to determine which tip is actually doing the
imaging in the experiment. | 7
The result of our second tensor LEED calculation compares qualitatively well with

a conventional LEED study of Ni(100)-c(2x2)-0 [6.6]. The best fit results are for a four-
fold symmetric hollow adsorption site with buckling in the Ni second layer. The buckling
consisted of the second-layer nickel beneath the unoccupied site moving upward. The.
Ihagnitude of the buckling is 0.035A. This is smaller than the buckling obtained in our
calculations for Mo(100)-c(2x2)-S. However, no a priori reason exists to. suepect that the
two systems should be similar in Spite of the fact that oxygen and sulfur are both
chalcogens. Oxygen and sulfur have been ebserved to behave differently on surfaces, for
exémple Mo(100) as indicated earlier. Additiohally, the Ni(100) substrate is an fcc(100)
surface, whereas the Mo(100) is a bcc(100) eurface. The n{ajor difference is that the
fcc(100) surface is more close packed, that is each first-layer atom has four nearest v-
neighbors in the first layer which touch it. In the bcc(100) each first-layer atom valso has

_four nearest neighbors in the first layer but the difference is that fhey do not touch each-
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other. The qualitativ;ely similar result for the Ni(100)-c¢(2x2)-O structure and the Mo(100)-
¢(2x2)-S is interesting, but more results of chalcogens on other four-fold surfaces are

needed to determine if some trend actually exists.v_
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6.3. Mo(100)-c(4x2)-3S
The Mo(lOO)-c(ftxZ)-3S structure occﬁrs at a sulfur coverage of 0.75 ML which is
equivalent to three sulfur atoms for every four Mo atoms. The structure was obtained by
depositing sulfur from a sulfur source and subsequently annealing the surface to 1000K for
30 seconds. This préparation produced é. sharp c(4x2) LEED pé.ttem.’The corresponding
LEED pattern and schematic are shown in Figuré 6.7. In Figure 6.8 a more detailed -
~ schematic illustrates the symmetry of the beams at normal incidence. The I-V curves for all
the 22 inequivalent beams that were measured and used in the analysis are shown in Figure
6.9. Some beams, which are not presented here, were measured butv were not included‘ in
the analysis becausé the signal-to-noise for these beams was very low. Some of the beams,
. especially the "quarter” order beams (i.e one of the hk indices has the form, n/4 with n
odd) are very noisy.
| For this structure, models which had av mixture of both 'occﬁpied two-fold
‘symmetric bridge sites and four-fold symmetric hollow s'ite’s‘ were considered. Previous
investigations of this structure suggested the existence of more than one adsorption site
occupied by the sulfur adatoms [6.7]. In all three models the sulfur occupy more hollow
sites thaﬁ bridge sites. This is because the hollow site is believed to be the site which is
energetically favored and this is the site which is occupied in the Mo(100)-c(2x2)-S
structure. However, these reasons alone should not necessarily exclude other possibilities.
Three models were considered in the tensor LEED analysis. In Figure 6.10 two unit cells
are shown, the largef unit.cell is the p(4x2) and the smaller unit cell is the c(4x2) or
pn'mitive'unit cell. Since the sulfur overlayer and the first two Mo 1ayers were relaxed in
the tensor LEED calculation, 11 étoms ﬁeeded to be included in the composite layer which

meant that a maximum of 33 geometrical degrees of freedom was possible.
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b)

Figure 6.7 a) diffraction pattern of Mo(100)-c(4x2)-3S at 114 eV as displayed on video monitor and b)
schematic of c(4x2) diffraction pattern where the crosses represent the fractional order beams (n/2,m) and
(m,n/2) and the X's represent the fractional order beams (m/4,n/2) and (n/2,m/4). The filled circles
represent the integral order beams. The (hk) labéls of the beams are directly beneath the beam. The dotted
and dashed lines represent the four mirror planes. The shaded crosses, X's, and circles are the beams that

-, are not seen in the photograph. The outline of the manipulator is in the center of the schematic and the

outline of the sulfur source is on the right hand side of the schematic.
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A | (B)

Figure 6.10 Real-space mddels of Mo(100)-c(4x2)-3S (a) All-Hollow Model, (b) Bridge-

Hollow Model 1, and (¢) Bridge-Hollow Model 2. The open circles are the first-layer Mo-atoms; -
the dark circles are the sulfur adatoms, and the hatched 'circles are the second-layer Mo atoms.
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Table6.12  Input geometry for All-Hollow Model.

X y z
S(1) 0.000 0.000 ~0.000-
S(2) 0.000 0000 | 3.150
S@3) 0.000 3.150° 3.150
Mo(4) - 0.805 -1.575 -1.575
Mo(5) | 0.805 -1.575 1575
Mo(6) 0.805 1.575 1.575
Mo(7) | 0.805 1.575 4.725
Mo(8) 2.380 0000 | 0000
Mo(9) 2380 | ° 0.000 3150 |
Mo(10) | 238 | 3.150 3.150
Mo(11) 2.380 3.150 6.300

In the first model, all the sulfur atoms occupy holiow sites. This is illustrated in
Figure A6.10a. The input geometry of this model is given in Table 6. 12. The conventional
LEED calculation yielded a Pendry R-factor equal to 0.8932. The tensor LEED .analysis
was unable to lower the R-factor significantly when ali 11 atoms were allowéd to move
- independently in the direction perpendicular to the surface, i.e. in .the x direction. The
lowest R-_factor was on the order of 0.6. If the true structure were composed of all sulfur
- adatoms occupying four-fold hollow sites then it was not within the radius of convergence
of the tensor LEED  analysis. The diﬁi;:ulty here was that with so many at'omskto consider
if was very difficult to decide which parameters to adjust. In all of our analyses, we have’
assumed that the I-V curves are most sensitive to small ché,nges in the perpendicular

direction once the adsorption sites have been determined.
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Table 6.13 Input geometry for Bridge-Hollow Model 1.

, X Yy i/
S(1) 0.0000 10,0000 0.0000
S@) | 09458 1.5750 3.1500
‘ s(3) 0.9458 4.7250 6.3000
Mo(4) ©1.7843 0.0000 -1.5750
Mo(5) 1.7843 10.0000 | 15750
Mo(6) 1.7843 ©3.1500. 1.5750
Mb(7) | 1.7843 3.1500 | 4.7250
Mo(8) 3.3593 1.5750 | 0.0000
Mo(9) 3.3593 1.5750 3.1500
Mo(10) 3.3593 4.7250 13.1500
‘Mo(11) 3.3593 47250 6.3000

The other models considered had a mixture of two-fold bridge sites and four-fold
hollow sitg_s; For both models one two-fold bridge site and two four-fold hollow sites are '
occupied by sulfur in the primitive ur;it cell. The model that was considered next was the
Bridge-Hollow Model 1 which is depicted in Figure 6.10b. The input geometry 1s given in
Table 6.13. The Péﬁdry R-factor for vthe conventional LEED caiculation was 0.949 and the |

‘inner potential was 133 eV. The tensor LEED calculation Qaried the sulfur atoms
‘independently and each of the four Mo atoms in the first layer were moved together as
were the second-layer Mo atomé. The .atoms, given the constraints just mentioned, were
allowed to move in the x direction only. The Pendry R-factor was 0.811 and the inner
potential was 10.0 eV. The results were not very promising.

The next model was called the Bn’dge-Holiow’ Model 2 which differed from
Bridge-Hollow Model 1 .only in the arrangement of the sulfurs. The sulfur adatoms occupy

1/3 of the bridge sites and 2/3 of the hollow sites. The geomettﬁ is shown in Figure 6.10c.
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Table 6.14 Input geometry for Bridge-Hollow Model 2.

X y ) z

- 8(1) 0.0000 0.0000 0.0000

S(2) 0.9458 ~-3.1500 1.5750

/ S3) | 09458 | 3.1500 4.7250
| Mo(4) 1.7843 -1.5750 -3.1500
Mo(5) 1.7843 -1.5750 0.0000

Mo(6) 17843 | 1.5750 - 0.0000

Mo(7) 1.7843 1.5750 3.1500

Mo(8) 33503 0.0000 -1.5750

Mo(9) 3.3593 10.0000 | 1.5750
Mo(10) 3.3593 3.1500 1.5750 .

Mo(11) 3.3593 3.1500 4.7250

The input geometry is given in Table 6.14. The Pendry R—factor was 0.917 and the inner
pqtential was 22.0 for the conventional LEED caiculation. Thé inner potential is oufside
the range of jmer potentials that are usually found. Aside from this, the poor R-factor
- makes this structure seem unlikely. - |

Since none of the three models seemed very promising the hollow model was

reexamined to see what the effects of smoothing the I-V curves would have and what the
il

effect of using a smaller set of beams would be. Ideally one would like to use all the
~available data and especially the I-V curvés for the superstructure beams. The problem
here is that, as mentioned before, the signal-to-noise ratio of some of the be’aths was very
poor. Smoothing had little effect on the results; however, excluding the weaker "quarter"
- order beams gave a Pendry R-factor of 0.621 and an inner potential of 9.8 eV when all
the atom.s wére allowed to mo‘veAindependently in-the x direction. The results are given in

Table 6.15.
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-~ None of the three models yielded a reasonable fit. The large number of geometriéal
parameters used iﬁ the calculation require a large amount of geometrical parameter space
to be sampléd. Although we have constrained the 11 atoms in the coxﬁpésite layér to only
»move perpendicuiar to the surface, the lowest R-factor after a search_wés 0.62 for the All-
Hollow Model with a restricted set of experimental beams. Thesé results indicate that
some problems exist. We have not excluded with complete certainty that the experimental
I-V curves are not the problem, i.e the signal-to-nbise of the I-V curves of some of the

- beams is very low. Of course the other possibility is that the models we tried are incorrect.

Incorrect could simply mean that the sulfur heights are much different from those that we - -

used, i.e. are beyond the radius of convergence of the tensor LEED analysis (0.25 A).
Further work needs to be done to say with confidence that the three models that were

tried are not correct.

. Table 6.15 ' Results of tensor LEED calculation
" for the All-Hollow Model.

Ax

S(1) -0.2365
S(2) ©.0.0275
- S(3) 0.0484
Mo(4)‘ | 0.0108 -
Mo(5) | -0.0051 -
Mo(6) -0.0607
Mo(7) -0.0029
Mo(8) - 0.1521
Mo(9) 0.0304
Mo(10) - -0.0068
Mo(ll)‘ -0.0286 .
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6.4. Mo(100)-p(2x1)-2S

The Mo(lOO)-p(2x1)-iS struc‘:ture purportedly occurs at a sulfur coverage of 1.0
ML which 1s eciuivalent to one sulfur atom for one molybdenum atom. If each sulfur
occupied thve same type of site a (.lx.l) structure would be formed at 1.0 ML; thereforé,
the sulfur atoms must occupy two different sites or the twc; sulfurs may occupy the same
type of site but must be translationally inequivalent. |

Experimentally, this strhcture was very problematic. As mentioned .earlier, this is
one of the structures that was not consistently reported in the literature. Oftentimes it was
reported as giving a streaked LEED pattém aﬁd different investigators suggested various
modifications of their models to account for this. This "streaked" p(2x1) was always'
encountered in this work. Originally we dismissed it as a poorly ordered c(4x2). After
considerable effort had been expended to produce a sharp p(2x1) LEED pattern we
decided that the "streaked" p(2x1) LEED pattern corresponded to a surface with
coexisting domains of p(2x1) and c¢(4x2). Since the sulfur coverage, as determined by
Auger peak ratios, was larger than that for. the well-ordered c(4x2) we concluded that the
- ¢(4x2) existed in small domains relative to the p(2x1) and would not contribute much to
the I-V curves.

In Figure 6.11a a photograph of a streaked ¢(4x2) or p(2x1) is shown. In Figure
6.11b a LEED pattern of a fairly well-ordered c(4x2) is shown. Notice thaf the streaks in
Figure 6.11a sharpen up in Figure 6.11b into the "quarter" order beams of t.he c(4x2)
LEED pattern. |

The LEED pattern and schematic of the p(2x1) are shown in Figure 6.12. In
Figﬁre 6.13 a detailed schematic depiéts the symmetry of the LEED pattern at normal
incidence. The LEED pattern has two rotational domains which are rotated 90° relative to
each other. In Figure 6.13a-b the schematics of the two LEED ‘patterns due to the two

different domains are illustrated. The observed LEED pattern is the superposition of both
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,b')

Figure 6.11 Photographs of a) a diffraction pattern of a not very well-ordered Mo(100)-c(4x2)-3S at 133
¢V and b) a diffraction pattern of a well-annealed Mo(100)-c(4x2)-3S at 122 eV. Both photographs were
taken with a Polaroid camera and Polaroid 57 black and white film was used.
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b)

Figure 6.12 a) diffraction pattern of Mo(100)-p(2x1)-2S at 114eV as displayed on the video monitor and
b) schematic of a p(2x1) diffraction pattern where the crosses represent the fractional order beams and the
filled circles represent the integral order beams. The (hk) labels of the beams are directly beneath the
beams. The dotted and dashed lines represent the four mirror planes. The shaded crosses and circles are
the beams that are not seen in the photograph and the larger circles correspond to the more intense beams.
The outline of the manipulator is in the center of the schematic and the outline of the sulfur source is on
the right hand side of the schematic. :
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Figure 6.13 Schematic of a) a p(2x1) LEED pattern, b) a p(1x2)LEED pattern, and ¢) the LEED
pattern which results from the superposition of both p(2x1) and p(1x2) LEED patterns. :

148



Intensity (Arbitrary Units)

@ (o00beam

— Average
-~ (0.0, -1.0)

—(-1.0, 0;0)

70

Intensity (Arbitrary. Units)

1 1 2 1 2 1 | "
110 - 180 190- 230 270 310
Energy (eV) -
® o 10beam
— Average

-~ (-1.0, -1.0)

-~ (-1.0, 1.0)

—(1.0,-1.0)

70

— (1.0, 1.0)
| ] ; ] R N ) . '
110 150 190 230 270 310
Energy (eV)
Figure 6.14  Experimental I-V curves of Mo( lQO)-p(2xl)-ZS

149



Intensity (Arbitrary Units)

(0.5, 2.0) beam

— Average

— (-2.0, 0.5)

— (-2.0, -0.5)

— (0.5, -2.0)

-~ (-0.5, -2.0)
1 1 N

70

Intensity (Arbitrary Units)

310

1 2 . X |
110 -~ 150 190 230 - 270
| Energy (eV) -
(0.5, 1.0) beam

W — (1.0,05)

| s { N 1]

— Average

— (-1‘.Ao, -0.5)
— (-0.5, -1.0)
-~ (-1.0, 0.5)
------ (0.5, -1.0)

— (1.0, -0.5)

70

110 150 190
" Energy (eV)

230

270

" Figure 6.14  Experimental I-V curves of Mo(100)-p(2x1)-2S

150

310



Figure 6.14  Experimental I-V curves of Mo(100)-p(2x1)-2S
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LEED patterns. This is illustrated in Figure 6.13c. Notice that each domain has two mirror
planes but the superposition has four mirror planes just as the substrate does. Thus, the
observéd LEED pattern at normal incidence has the full symmetry of the substrate. The
expenmenta.l I-V curves of the Mo(100)-p(2x1)-2S are presented in Figure 6 14.

Many models were used in the tensor LEED analy51s of the Mo(100)-p(2x1)-2S
structure. The first model which was considered is illustrated in Figure 6.15. The two
sulfur atoms in the unit cell occupy one bridge site and one hollow site. This model will be
referred to as the Bridge-Hollow Model. For the LEED analysis the sulfur overlayer and
first two Mo layers were relaxed. This meant that 6 atoms, 2 sulfur atoms and 4
molybdenum atoms, were included in the composité layer. The input geometry for this
model is given in Table 6.16. The tensor LEED results for this model were. a Pendry R-
factor of 0.521 and an inner potential of | 7.75 eV. This was for a search over all

coordinates for all 6 atoms.

a)

- b)

Figure 6.15 Bridge-Hollow Model of Mo(100)-p(2x1)-2S with bridge and hollow positions occupied
by the sulfur atoms a) top view and b) side view which is a cut along the dotted line in a).
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Table 6.16 - Input geometry for Bridge-Ho_lloW Model.

L x oy 2
S 0.0000 | 0.0000 0.0000,

S(2) 09172 3.1500 1.5750
Mo(3) 1.8109 15750. | 0.0000
Mo(4) | 1.8109 4.7250 0.0000 |
Mo(5) 3.3860 0.0000 1.5750
Mo(6) 33860 3.1500 ;1.5750'

The second model con’sidefed is illustrated in Figure 6.16. This model is thé 1/4
- 1/4 model that was proposed by the STM study [6.8]. This model can be thought ofasa
(Iﬁcl) where the sulfur atoms havé been displaced towards the bridge sites by a/4, where a
is the lattice constant. The rows of sulfur are staggered with respect to each other. Notice
fhat this model has a glide i)lane. The glide plane is the one sytmﬂetrﬁ element thét will
cause spot extinctions in the’ LEED pattern if the incident electron beam is parallel to the

glide plane. For the case ofa p(2x1)’ LEED pattern, those spots with indices (0, n/2) or

a)

b)

~ Figure 6.16 Asymmetric-Hollow Model of Mo(100)-p(2x1)-2S with 1/4 1/4 positions occupied by the
_sulfur atoms a) top view and b) side view which is a cut along the dotted line (i.e. the glide plane) in a).
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(n/2, 0) where n is odd will be extinguished. This was not observed in the experiment as
can be seen in Figure 6.12 '\;vhich is one of the video images used to genefate the i-V
curves shc?wn in Figure 6.14. This fact makes this model questionable but we were not
certain how accurate the angle of incidehcg must be in order to satisfy the condition for
spot extinctions, By the model was not excluded. | .

The input geometry is given in Table 6.17. The tensor LEED calculation gave a
Pendry R-factor of 0.609 and an inner potential bf 5.05 eV. At the start of the tensor
LEED calculation the reference structure needed to be perturbed slightly to remove the
glide plane symmetry. Otherwise thé theorética] beams that had nearly zero intensity, :
within the accuracy of the computer, could not be compared to the experimehtal beams
which had measurable intensities. ¢ v 5

Other models were considered in the LEED analysis. A total of 13 models were
considered, that is vconventional LEED calculations were performed for 13 reference
structures. Some of these structures are slight variations on each other but they are all
beyond the reach of the radius of convergence of the tensor LEED calculation, that is one
reference structure can not be reached by starting with another reference structure. The

results of the 5 types of models are listed in Table 6.18. None of these models which are

illustrated in Figures 6.15-19 gave a satisfactory fit.

Table 6.17 Input geometry for Asymmetric-Hollow Model, 1/4

1/4 Model.
| x y z
S(1) 0.0000 0.0000 0.0000
s2 | 0000 | 3.1500 15750
Mo(3) | 1.7403 1.5750 23625
Mo(4) 17403 4.7256 2.3625
Mo(5) 33153 | 0.0000 0.7875
Mo(6) 3.3153 3.1500 0.7875
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Table 6.18 Tensor LEED results for ﬁve representatwe models The Pendry R-factor Rp and the
inner potential, V., are given for each model.

Models - Bridge- Asymmetric {Sulfur-Pairing] Mo-Pairing Quasi- -
Hollow -Hollow | | hexagonal
Rp - 0.52 0.61 0.42 0.‘50' . 0.56
Vor(eV) 7.8 5.0 9.0 16.8 3.0

In Figure 6.20 the experimental -V curves c;f the beams which are shared in
common between the p(le) and c(4x2) ére plotted for comparison. The energy ranges
are slightly different but the curves look extremely similar if not exactly alike. Initially this
was disturbing; however, very similar I-V curves for structures with different LEED
patterns, long range order, is possible because the I-V curves reflect the local bonding
géometry of the atoms comprising the structure. Although the I-V curves theméelves are
not proof of anything, the failed tensor LEED analysis adds some doubt as to whether the

I-V curves are for a Mo(>1 00)-p(2x1)-2S structure. Additionally, the inconsistencies in the

a)

b)

« Figure 6.17 Sulfur-Pairing Model of Mo(100)-p(2x1)-2S with off-center hollow sites occupied by the
- sulfur atoms a) top view and b) side view which is a cut along the dotted line in a).
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a)

. b}

Figure 6.18 Mo-Pairing Model of Mo(100)-p(2x1)-2S w1th hollow sites occupied by the sulfur .
atoms and the first-layer Mo atoms paired together in rows a) top view and b) side view which is a cut
_along the do;ted line in a). ‘ .

a)

b)

Figure 6.19 Quasihexagonal Model of Mo(100)-p(2x1)-2S with quasi three-fold sites occupied by the
sulfur atoms a) top view and b) side view which is a cut along the dotted line in a).

157



@ ooo beam

)

=

-

>

g —p(2x1)
3

<

2>

‘D

ch .

g — c(4x2)

N H 2 ! _ ‘ 1 1 2 i
70 110 150 190 230 270 310
' Energy (eV)
@ o 10 beam

)

5

> —p(2x1)
g

5

<

2

¥

c

D

=

— c(4x2)
i 1 L 1 | . | | L
70 110 150 190 230 270 310
‘ Energy (eV)

- Figure 6.20 Comparison of I-V Curves of Mo(100)-p(2x1)-2S and -é(4x2)-_S .

158



(0.5, 2.0) beam

)
. 'E
=)
b
g

¥ — p(2x1)
<
=
K7
[
[}
€

— c{(4x2)

X | . ] \ ] \ ] . L . _
70 110 150 190 230 270 310

Energy (eV)

B (20 00) beam

—p(2x1)

~ Intensity ’(Arbitrary Units)

70 110 150 190 230 270 310
Energy (eV)

Figure 6.20 Continued Comparison of I-V Curves of Mo(100)-p(2x1)-28S and -c(4x2)-3S

159



(0.5, 1.0) beam

:@v
[=
>
Py
& :
5 —p(@x1)
g o
Py
7]
c
[t}
£
— c(4X2)
ot 1 1 |l i | . 1 N 1 P
- 70 110 150 190 230 . 270 310
Energy (eV)
@ (20, 1.0) beam
)
2
>
> -
il — p(2x1)
= .
<
>
g7
C
(0]
g
— c(4x2)
L I " 1 " |\ 1 1 N 1 L
70 110 150 190 230 270 310

Energy (eV)

Figure 6.20 Continued  Comparison of I-V Curves of Mo(100)-p(2x1)-2S and -¢(4x2)-3S

160



(1.5, 0.0) beam

)
f=
>
e
g

g | — p(2x1)
=
=3
c
D.
=

— c(4x2)

: 1 ) 1 " ! . | A 1 L L

70 110 150 190 230 - 270 310
Energy (eV)

(1.5, 1.0) beam

—p(2x1)

Intensity (Arbitrary Units)

L 1 1 1 . | L 1 L ]

70 110 150 190 230 270 310
Energy (eV) |

Figure 6.20 Continued Comparisbn of I-V Curves of Mo(100)-p(2x1)-2S and -c(4x2)-3S

161



literature -régardiﬁg. this structure create even more doubt. Especially since all the
S/Mo(100) structures that were not unanimously reported have a counterpart in the
O/Mo(100) system. Fbr instance, a Mo(100)-p(2x1)-O structure exists. In Figure 6.21 a
LEED pattern and schematic-of this structure is shown. Compafe this with the Mo(100)-
p(2x1)-2S LEED pattern in Figure 6.12.

A UHV STM study of the S/Mo(100) system was conducted by the Salmeron
group recently [6.5]. They attempted to reproduce the previous results of their study of
the Mo(100)-p(2x1)-S structure which had used a STM at atmdsphen’c pressure [6.8].
They irivariably encountered the same difﬁculties éncountered in our LEED study. They
could not produce a true Mo(100)-p(2x1)-2S. The best they could do was obtain a surface
which produced a streaked c(4x2) LEED pattern (see Figure 6.1 laj. The STM image of
this surface is shown in Figure 6.22. The STM image for a surface which produced a sharp
c(4x2) LEED pattern (see Figure 6.‘11b) is- shown in Figure 6.23. Note that the two
images have the same unit cell whjéh has the same dimensions as the primitivé unit cell of
the Mo(lOO);c(4x2)-3 S. These results, at the very least, indicate that the LEED I-V data
for the streaked p(2x1) LEED pattern is actually for the Mo(100)-c(4x2)-3S structure.
Therefore, it is not very surprising that the I-V curves ﬁom the two different LEED
patterns are virtually identical. The main difference between the two STM images is that
the domains are smaller, .in the direction parallél to the longer unit cell vector of the p(4x2)
unit cell, for the structure which produces the sfreaked c(4x2) LEED pattern.

~ In conclusion, we were unable fo reproduce the results of previous researchers.
From our results and the results of the STM study, the Mo(lOO)-p(le)-ZS reported in the
literature does not seerﬁ to actaully exist. We can fairly‘conﬁdentl)'l say that the streaked
p(2x1) LEED pattern is actaully due to a poorly ordered Mo(100)-c(4x2)-3S ‘strucuture
and that this is consistent with the LEED patterns and LEED I-V data. The STM images

were essential in establishing this.
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Figure 6.21 a) diffraction pattern of Mo(100)-p(2x1)-O at 114eV as displayed on the video monitor and
b) schematic of p(2x1) diffraction pattern where the crosses represent the fractional order beams and the
filled circles represent the integral order beams. The (hk) labels of the beams are directly beneath the
beams. The dotted and dashed lines represent the four mirror planes. The shaded crosses and circles are
the beams that are not seen in the photograph. The larger circles and crosses correspond to the more
intense beams. The outline of the manipulator is in the center of the schematic and the outline of the
sulfur source is on the right hand side of the schematic. :
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v

Figure 6.23 STM image of a Mo(100)-c(4x2)-3S strucutre which produces a sharp LEED pattern.
The primitive unit cell is marked on the image in white.
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6.5. MoS,-like Overlayer on Mo(100)

A MoS,-like overlayer forms on Mo(100) at very high sulfur coveragés,
multilayers. We refer to it as MoSz-like overlayer because the diffraction spots have the
correct symmetry and the unit cell dimensions are very similar to those of MoS, This
structure was produced by depositing multilayers of S, and subsequently annealing the
crystal at 800°C. Further annealing at higher temperatures produced a ¢(4x2) structure.
‘The diffraction pattern that the overlayer produced is shown in Figﬁre 6.24. The
diffraction spots due to the MoSz-iike overlayer are not sharp and only occur at certain
energies which prevented an I-V analysis of the diffraction intensities. |

Msz is .a layered compound which, as in the case of graphite, is a good lubricant.
Each sheet is .composed of a layer of Mo atoms sandwiched between two layers of sulfur
atoms. These sheets are stacked upon one another and the weak interaction between the
sulfur atoms in neighboring sheets is responsible for the good lubricating properties of
MoS,.

The bulk lattice constant of MoS, is 3.16A and the bulk lattice constant of Mo is
3.15A. Assuming the Mo(100) surface-unit cell to have the bulk lattice constant, we used
that value to determine the approximate lattice constant of the VMosz-like overlayer. The
value obtained from the distances measured in the photograph is a=3.11A. Notice in
Figure 6.24 that fwo rotatibnal domains, rotated 30° with respect to eaéh other, are

- present. The fact that the overlayer spofs aré st;eaked indicates that each domain is not
locked into a specific orientation. If complete rotatiohal disorder existed only pure rings
would be present in the diffraction pattern for the overlayer.

For rotational disorder to exist a weak interaction between the substrate and the
overlayer must exist. Sulfur bonds strongly to Mo(100) at submonolayer coverages as
indicated by the high temperature of desorption [6.9]. This suggests that, similar to the

case of bulk MoS, two weakly interacting sulfur layers are in contact with each other.
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- Two possible types of models are apparent. The first has an overiayer of sulfur on the

Mo(100) with a second layer of sulfur in a hexagonal array on top of the first sulfur

overlayer. The second model involves a sheet of MoS, on top of a sulfur covered -

Mo(100). These models are not rigorous since the exact registries have not been worked

. out.

The interesting note here is that, as mentioned previously, for the O/Mo(100) -

system a hexagonal underlayer was proposed for some of the high coverage structures.
There may be a possible connection between the two systems. What is not ‘obvious is

whether the MoS,-like structure is structurally related to the Mo(100)-c(4x2)-3S

~

structure.
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b)

Figure 6.24 Photograph of a) a diffraction pattern of a superposition of Mo(100)-p(2x1)-2S and a MoS,-
like overlayer at 143eV taken with a Polaroid camera and b) schematic of a superposition of a p(2x1)
diffraction pattern, where the crosses represent the fractional order beams and the filled circles represent
the integral order beams, and a rotationally disordered MoSz-like overlayer, where the filled ovals
represent the streaked spots. The (hk) labels of the beams are directly above the beams. The shaded
crosses, circles, and ovals are the beams that are not seen in the photograph. The dotted and dashed lines
represent the four mirror planes. The outline of the manipulator is in the center of the schematic and the
outline of the sulfur source is on the right hand side of the schematic. Compare this with Figure 6.12.
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Chapter 7. Ordered Sulfur Overlayers on Re(0001)

7.1. Introduction

Previous invgstigations have studied sulfur overlayei"s on the Re(OOOi) surface by
LEED, TDS, and AES [7.1, 2, 3]. In addition, a thorough STM investigation under UHV
conditions has been performed on the S/Re(0001) system by Sglmeron et al [7.4, 5]. Four
ordered éulfur structures on Re(0001) have been observed in all these studies. The sulfur
coverages, anneaiing temberatures, and corresponding LEED pattefns are summarized in
Table 7.1 [7 1]. The (2‘/3x2\/3)R30° structure occurs at ~0.5 ML which corresponds to
saturation coverage. The quotation marks for the "(3\/3x3\/3)R3 0°" structure .signify that
some of the diffraction spots implied by the notation, (3V3x3V3)R30°, are missing. Both
the p(2x2) and (2V3x2V3)R30° structures were studied in this work. The LEED patterns
depend_on annealing temperature because an excess of S, or H,S is first adsorbed onto the
Re surface at room temperature. Then thé surface is annealed to dissociate the Sz'or H,S

and desorb excess sulfur. This procedure can be combined into one step by 'depositing S,

Table 7.1 Sulfur coverages on Re(0001), corresponding LEED patterns, and annealing temperamrés [7.1}

| sutfur Coverage Range(ML) LEED Pattern = | Annealing Terripérature (K)
0.0-0.16 (1x1) 1650-1500
0.16-0.29 | C p(2x2) _ 1450-1400
0.29-0.32 | Caxny © 1380:1350
0.32-0.39 " (3\3x3V3)R30°" |  1340-1220
0.39-0.44 ' [i ;1,,] 1210-1100
0.44-0.59 _ (2V3x2V3)R30° 1090-600
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or H,S as the Re éurface is being heated. Both procedures work equally well.

The STM investigations of these ordered siructures’ obtained images with atomic
resolution [7.4, 5]. At low coverages, 6< 0.25, a ¢( */3x5)rect structure, which was not
observed by LEED, was imaged. The investigators interpreted the STM images of the
different S/Re(0001) structures to correspond to sulfur ;dsorbed in three-fold hollow
sites. In addition, it was observed that the sulfur atoms formed aggregates at higher
coverages, for example trimers, tetramers, and hexamers. No sulfur clusters were

observed for the p(2x2) structure. However, trimers were observed for the "(3\/3x3\/

3)R30°" and tetramers for the [? ;] At saturation coverage hexamers, hexagonal rings

of six sulfur atoms, were observed for the (2V3x2\/3)R30° structure. These results were

somewhat unexpected because typically adsorbate-adsorbate intera‘,ctions‘ for |
elecfronegative elements such as oxygen and sulfur are thought'to be repulsive in nature.
So one would expect the sulfur to be separated as much as possible, within the constraints
of the céverage. The aggregation may not be that unexpected for sulfur since sulfur is
known to form open and cyclic S, species from #=2 to 20 for cycles and higher for chains
[7.6]. However, the STM investigation found the S-S distance to be dictated by the
substrate and not the sum of the covalent. radii. So an interesting interplay between
adsorbate-adsorbate interactions and adsorbate-substrate interactions seems to be at work

in the S/Re(0001) system.
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7.2. Symmetry of the LEED Pattern of hcp(0001) Surfaces

The LEED pattern of a ]hcp(OOOI) surface at normal incidence exhibits six-fold
symmetry in the diffraction intensities. If the surface were truly atomically flat the LEED
intensities would have three-fold symmetry at normal ‘incidence. The reason for the
observed six-fold symmetry can be understood if we cc_irisider a hcp(0001) surface with |
monatomic steps. This is illustrated in Figure 7.1. The triangle in the ﬁgﬁre represents the
orientation of the three-fold hollow sites. On one terrace, the collection of sites are rotated
180° from those on the adjacent terrace. This is. because one terrace has ABA stacking
and the adjacent terrace has BAB stacking. The notation ABA refers to layérs Aand B in
which the atoms are cioéest packed in each layer. The difference between layer A and
layer B is orientation, i.e the atoms in layer A are directly above the three-fold hollow sites
of layer B. If the terraces are larger than the coherence v’vidth of the electron beam then
sharp: diffraction spots will be observed. The diffraction patterns from the two terraces
produce LEED patterns which are rotated 180°, or equivalently 60°, relative to each

other. The intensities are averaged in the observed LEED pattern, and this leads to a six-

Figure 7.1 A hcp(0001) surface with monatomic steps. The adjacent terraces are rotated 180°
relative to each other.- The triangles illustrate the rotation.
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Figure 7.2 Schematic of a LEED pattern of a hcp(0001) surface with monatomic steps. It

illustrates that the observed LEED pattern is a superposition of the LEED patterns from two types of
terraces. The dotted lines represent the mirror planes. N

fold symmetry in the intensities if both terraces have equal areas. This is illustrated in

Figure 7.2.

7.3.  Re(0001)-p(2x2)-S

The p(2x2) structure forms at an ideal coverage of 0.25 ML (monoléyer, where
one monolayer is defined as dne sulfur atom for one rhenium atom). The LEED pattern
and schematic are shown in Figure 7.3. A schematic which illustrates the symmetry of the
LEED pattern at .nonhal incidence is shown in Figure 7.4. The experimental I-V curves
are shown in Figure 7.5.

Two models were considered: one with the sulfur adsorbed in fcc three-fold
h§llo_w sites and the other with the sulfur adsorbed in hcp three-fold hollow sites. A fcc
hollow site is a site where a second layér Re atom is not directly beneath it, whereas a hcp
hollow site does have a second layer Re atom directly beneath it. The difference in the two
sites is illustrated in Figure 7.6. | | ,

Using the model with occupied fcc hollow sites as the reference structure, the
lowest Pendry R-factor obtained after the tensor LEED analysis was 0.5. The R-factor for

the other model after the search was 0.21.

173



Figure 7.3 a) diffraction pattern of Re(0001)-p(2x2)-S at 134 eV as displayed on the video monitor and b)
schematic of p(2x2) diffraction pattern where the crosses represent the fractional order beams and the
filled circles represent the integral order beams. The (hk) labels of the beams are directly beneath the
beams. The dotted and dashed lines represent the six mirror planes. The shaded crosses and circles are the
beams that are not seen in the photograph. The outline of the manipulator is in the center of the schematic
and the outline of the sulfur source is on the right hand side of the schematic.
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hcp hollow site

fcc hollow site

Figure 7.6 ' Two types of three-fold hollow sites exist on fec(111) and hcp(0001) surfaces.

The composite-layer unit Eell was composed of one sulfur atom, four Re atoms in
the first layer, and four Re atoms in the second layer making a total of nine atoms in the
composite layer. A real‘space model of the Re(OOOl)-p(2x2)?S is illusfrated in Figure 7.7.
Since the cémpasite layer is composed of 9 atoms 27 degrees of freedom are possible for
thébgeo.métric parameters. The tensor LEED search was constrained such that the atoms
were allowed to move provided they respected a certain symmetry. The symmetry was a
three-fold axis and one mirror plane. This constrained the Re atoms, which had equivalent
bonding geoinetriés, to move in a way that preserved their equivalence. This constraint
reduced the number of geometrical degrees of freedom from the maximum of 27 to 7.

The best fit geometry is illustrated in Figure 7.8. The interlayer spacings are
shown for the weighted average of the first and second layers since both are buckled. The
S-Re bond length is.2.32A which compares well with the sum of the covalent radii, 2.41A.

The results are summarized in Table 7.2.

Table 7.2

Summary of the results of the analysis of Re(0001)-p(2x2)-S
dSRe dlZ d23 d34 bl bZ
1.68 2.14 2.29 223 -0.05 0.06
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The bulk interlayer spacing is 2.23A so the first interlayer spacing is contracted By 4.0%
and the second interlayer spacing is expanded by 2.7%. The third interlayer spacing was
assumed to be bulk-like. o

In the first Re layer the Re atom which is not bonded to the sulfur buckles
downward relative to the three vother Re atoms vi_nv the layer. This is indicated by the
rynegative buckling. In thev Re second layer the Re atom directly beneath the sulfur buckles
' upv_vard-relative to the other three Re atoms in the layef. This is indicated by the positive
buckling. | |

The I-V curves for the best fit structure are compared with the_ experimental I-V

curves in Figure 7.9. The Pendry R-factor for each beam is shown.

@ SN O

Figure 7.7 Real-space model of Re(0001)-p(2x2)-S. The sulfur atoms are sitting in hep sites.
Two views are presented (a) a top view and (b) a side view along the dotted line in (a). The shading of
the Re atoms in (b) indicates the depth behind the plane of the paper. The darkest Re atoms are the
farthest behind the plane of the paper.
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Figure 7.9 I-V Curves of Re(0001)-p(2x2)-S: Theory (dashed line) versus experimental (solid line)
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Figure 7.9 Continued  I-V Curves of Re(0001)-p(2x2)-S: Theory (dashed line) versus experimental
(solid line) _ : :
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Figure 7.9 Continued  I-V Curves of Re(0001)-p(2x2)-S: Theory (dashed line) versus experimental
(solid line)
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7.4. Re(0001)-(2V3x2V3)R30°-6S

The sulfur Structure which occurs at saturation coverage, 6=0.5, was studied. The.
LEED pattern and schematic are shown in Figure 7.10. In Figure 7.11 a schematic of the
LEED pattern at normal incidence illustrates the symmetry of the beams. The experimental
I-V curves are presented in Figure 7.12. |

The model whiph we considered was the hexamer model proposed by the STM
study with the sulfur occupying hep hollow sites like those found for the p(2x2) structure.
The model is depicted in Figure 7.13. The preliminary tensor LEED analysis shows that
the hexamer model gives a reasonable fit. Further refinements are required to determine

the exact geometry.
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b)

Figure 7.10 a) diffraction pattern of Re(0001)-(2V3x2V3)R30°-6S at 134eV as displayed on video monitor
and and b) schematic of (2V3x2V3)R30° diffraction pattern where the crosses represent the fractional
order beams which also occur in the p(2x2) diffraction pattern and the x's represent the remaining
fractional order beams. The filled circles represent the integral order beams. The (hk) labels of the beams
are directly beneath the beams. The dotted and dashed lines represent the six mirror planes. The shaded
crosses, circles, and x's are the beams which are not seen in the photograph and the larger circles and x's
correspond to the more intense beams. The outline of the manipulator is in the center of the schematic and
the outline of the sulfur source is on the right hand side of the schematic. '
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Figure 7.11 Schematic that illustrates the symmetry of the LEED pattern of Re(OOOl)-_(2‘13x2\/3)R30
°-6S at normal incidence.
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Appendix: Data Acquisition and A_naljfsis Programs

The functions in italics are functions which are supplied by the Imager-AT Software and
which control the video board. :

Data Acqulsmon Program
/* getdatl c*

/* acquires video data and stores . ' ¥
/* into files by energy; this program ramps the energy */
/* from-a lower energy to a higher energy */

#include <im2to3.h> /* library of functions to control video board ;“/
char base[6];

main()
{

int i, energy, ini, final, inc, key, number;

/* initialize video boards */
- init(0xd000,0x300);
video(1,1);,
clear(1,0),

/* request user to input information */
printf{("Enter initial energy(eV)\n");
scanf{"%d", &ini);
printf{"Enter final energy(eV)\n")
scanf{"%d", &final);
printf{"Enter energy increment (eV)\n");
scanf{"%d", &inc);
printf{("Enter base of filename\n"),
scanf("%s", base),

~ printf{"Enter offset(0 to 255)\n");
scanf("%d", &number);

sync(1,0);
offset(number);,

gain(0);
/* record background image */

. printf("Hit any key to record background image\n");

key=getch();
record(0);

printf{"Hit any key except ""q"" to record the image for the initial energy.\n"),
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- printf{"Hit ""q"" to exit the program. Hit ""r"" to take another image at the same
energy.\n"),
key=getch();

/* record images from initial to final energy */

for (energy=ini; energy<=final; energy+=inc)
< { .
iftkey==113) /*if "q" is hit exit program */
{ .

}

break;

recérd(energy);
key=getch(); : :
iftkey=114)  /*if "r" is hit the image is repeated */
¢ ,
printf{"Repeating previous energy\n");
energy-=inc;

}
3

/* record() */

/* function to average 128 frames for a given energy and saves the ="/
/* image in a file whose extension is the energy */

record(energy)

int energy;

{ .
char filename[12];

opmode(2,0);

Javerage(128,5,0);

opmode(0,0);

sprintf{filename, "%s.%d", base, energy),
todisk(filename);

printf{"filename is %s\n", filename);

}

Data Acquisition Program with LEED power Supply Interfaced to Computer

/* getdat2.c */

/* acquires video data and writes to */
/* files. The files are indexed by energy, i.e. */
/* filename.energy ' ¥/

#include <im2to3.h>
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char base[8];

#define MAXSIZE 11
#define DAC_INTERVAL 200
#define NUMBER_IMAGES 32

void dac_setup(short int); .

void dac_out(short int); '

void record(int);

void calibrate( int *);

void interpolate( int *, int *, int *, int *);

main()
{ :
int i, energy, ini, final, inc, key, number; ‘
int beam_array[MAXSIZE], DAC_array[MAXSIZE*20];

/* initialize video board */ .
init(0xd000,0x300);
video(1,1);
clear(1,0);

/* request user to input information */
printf{"Enter initial energy(eV)\n");
scanf{"%d", &ini);
printf{("Enter final energy(eV)\n");
scanf{"%d", &final);
~ printf{"Enter energy increment (eV)\n");
scanf{"%d", &inc);
printf{"Enter base of ﬁlename( 6 characters or less )\n");
scanf{"%s", base);
printf("Enter offset(O to 255)\n");
scanf{"%d", &number);

sync(1,0);
offset(number);
gain(0);
. /* calibrate LEED power supply */
printf{"'ini=%d\n", ini);
calibrate( &beam_array[0] );
for(i=0;i<MAXSIZE;i++){

printf("beam_; array[%d]—%d\n" i, beam array[l])
}

A interpolate between calibration points */
printf{"ini=%d\n", ini);
interpolate( &beam_array[0], & DAC_array[0], &inc, &ini);
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/ * record background image */
printf{"Hit any key except ""q"" to record the image for the initial energy.\n");
printf{"Hit ""q"" to exit the program. Hit ""r"" to take another image at the same
energy.\n"); . v
key=getch();

/* record images from initial to final energy */

for (energy=ini; energy<=final; energy+=inc){
dac_out(DAC_array[(energy - ini)/inc}),
iftkey==113){ /* if "q" is hit exit program */

break;
}
record(energy);
if(key=1 14){ /*if "r" is hit the image is repeated */
energy-=inc;

3
}
}

/* calibrate() */
/* function generates an array which correlates DAC(0 to 2047) to beam *
/* energy of LEED power suppply */
void calibrate(int *pointer){
int DAC, beam_energy, init_energy;
printf{("Input initial energy(eV)\n");
scanf{"%d", &init_energy);
for(DAC=0;DAC<=2000;DAC+=DAC_INTERVAL){
- dac_out(DAC);
printf{"Enter beam energy(%d)\t", DAC/DAC INTERVAL)
scanf("%d", &beam_energy); :
pnntﬁ"\n")
*(pointer+DAC/DAC_INTERVAL)= beam_energy;
} ‘ T
}

/* interpolate() */ '
/*function interpolates between points obtained from calibration array */
void interpolate(int *beam_array, int *DAC_array, int *increment, int *Einit){

int . count, j, Einc;

float m;
printf{"Einit=%d\n", *Einit);
Einc=*Einit;
printf{"Einc=%d\n", Einc);
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for(j=0;j<(MAXSIZE-1);j++){
m=(float)DAC_INTERVAL/(*(beam_array+(j+1))-*(beam _array+j));
printf{("m[%d]=%f\n", j, m),
while(Einc<*(beam_array+(j+1))){ oo
count=(Einc - *Einit)/(*increment),
*(DAC_array+count)}="DAC_INTERVAL*j + (int)((m*(Einc -
*(beam_array+)))+0.5);

/* record() */
/* function to average 128 ﬁ'ames for a glven energy and saves the */
/* image in a file whose extension is the energy */.
record(energy)
int energy;
{
char filename[12];
opmode(2,0);
Javerage(128,5 ,0);
opmode(0,0);
sprintf{(filename, "%s.%d", base, energy);
todisk(filename);
printf{"filename is %s\n", ﬁlename);

}

Data Analysis Program Which Uses Manual Trackmg

- /* mantrac.c */

/*.This program generates IV curves by integrating the *
/* diffraction spot intensity at each energy i */
/* and subtracts the background intensity. The user must ~ */
/* manually track the spot by centering the cursor around */
/* the spot at each successive energy , *

#include <stdio.h>
#include <stdlib.h>
#include <im2to3.h>
~ #include <math.h>

#define BOUND 10

#define BACKGDBOUND 8
#define INTENSITY _BOUNDS 5
#define CMLIM 1

int identify(int *mx, int *my);

int search(int *dx, int *dy);
void firstmoment(int *,int *);
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main()

unsigned char ovr[15],transpal[256];
“char base[8],filename[12],outfile[12];
int i,j,numimage key1,sum,dx, dy;

int ini,final,energy,inc; :

FILE *fptr;

for(i=0;i<15;i++){
ovr[i]=50;

y

for(i=0;i<256;i++){
transpal[i]=i;

ini?(0xd000,0x300);

video(1,1);

olutlay(0,ovr,ovr,ovr, transpal transpal transpal);
outpath(0,-1,1,2);

clear(1,0);

printf{"Enter initial energy (eV)\n")
scanf{"%d",&ini);
printf{("Enter final energy (eV)\n")
scanf{"%d",&final),
printf{"Enter energy increment (eV)\n")
scanf("%d",&inc);
printf{"Enter base of file name\n");
scanf{"%s",base); _
- printf{"Hit escape to exit. Hit any other key to continue\n");

while((keyl=getch()) != 27 ){ /* "esc" */
printf{"Enter output file name\n\t");
scanf{"%s",outfile);
‘fptr=fopen(outfile,"w");
for (energy=ini; energy<=final;energy+=inc){
if (keyl = 113){
~break; -
} .

if (energy==ini){
dx=246;
dy=250;
sprintf{filename, "%s.0",base);
opmode(0,2); /* SET I/O MODE; FBUF 2 */
Jromdisk(filename); '
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sprintf{filename,"%s.%d" base,energy);
printf{"%s\n" filename);

opmode(0,0); /* SET /O MODE,; FBUF 0 */-
Jfromdisk(filename), _

opmode(2,0), /* SET PROCEESSING MODE; FBUF 0 */
image(0,0,0,2); /* ADD 2 TO EACH PIXEL INTENSITY */
interimage(0,2,0,1); /* SUBTRACT 0 eV BACKGROUND IMAGE */
clear(1,0), /* CLEAR FBUF 1, OVERLAY BUF, TO 0 */
opmode(1,1); /* SET GRAPHICS MODE; FBUF 1 */
drawmode(1); >

identify(&dx, &dy); /* INTERACTIVE MODE; USER CONTROL OF VIDEO
CURSOR */

sum=search(&dx, &dy); /* CALCULATE INTENSITY OF SPOT */

printf{"energy=%d\tintensity=%d\n", energy,sum);

fprintf{fptr,"%d\t%d\n", energy, sum);

} ‘ | |

putch(7); /* BEEPS TO SIGNAL END OF SINGLE SPOT ANALYSIS */
printf{"Hit escape to exit. Hit any other key to continue.\n"); .

}
fclose(fptr);

}

/* 1dent1fy() */
/* THIS FUNCTION ALLOWS THE USER TO POSITION THE VIDEO CURSOR */
/* ABOUT THE DIFFRACTION SPOT */

int identify(int *mx, int *my)
( .
~ int dx, dy, key, key2, sum;
dx=*mx;
dy=*my;
move(dx,dy); /* MOVE CENTER OF VIDEO CURSOR TO PIXEL COORD'S */
circle(10);
while((key=getch()) !=32){ /* "space bar" */
if (key = 113){ /*IF "q" IS HIT */
break; /* THEN EXIT TO OPERATING SYSTEM */
} o ' ,

opmode(1,1); -
printf{*Hit enter to center the cursor on the spot center\n");
ifltkey==0){
key2=getch();
iflqkey2=83){ /* DEL KEY*/
circle(10); '
rmove(-10,0);
circle(10),
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dx=dx-10;  /* MOVE CURSOR 10 PIXELS TO LEFT */

if{key2==72){ /* UP ARROW KEY*/

circle(10),

rmove(0,-1);

circle(10); ' o :
- dy=dy-1; : /* MOVE CURSOR 1 PIXEL UP */
} :

Ciftkey2=71){ . /* HOME KEY*/

circle(10);

rmove(0,-10);

circle(10); '

dy=dy-10; /* MOVE CURSOR UP 10 PIXELS */
} _

 if(key2=75){ /* LEFT ARROW KEY*/

3

circle(10);
rmove(-1,0);
circle(10);
dx=dx-1; /* MOVE CURSOR 1 PIXEL TO LEFT */
} , .
if(key2==77){ = /* RIGHT ARROW KEY*/
circle(10); : '
rmove(1,0);
circle(10);, . '
dx=dx+1; /* MOVE CURSOR 1 PIXEL TO RIGHT */ . .
}
if(key2=81){ /* PAGE DOWN KEY*/
circle(10),
rmove(10,0);
. circle(10); ‘ .
dx=dx+10; /* MOVES CURSOR 10 PIXELS TO RIGHT */
} L
if(key2==80){ /* DOWN ARROW KEY*/
circle(10); '
rmove(0,1);
circle(10), _ _
dy=dy+1; " /* MOVE CURSOR 1 PIXEL DOWN */
1R

if(key2==79){ /* END KEY*/

circle(10);

rmove(0,10);

circle(10); o , "

dy=dy+10; /* MOVES CURSOR 10 PIXELS DOWN */
b | |
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}
/*
/*

iflkey==13){ /* <enter> */
printf{("x=%d\t\ty=%d\n", dx, dy);

opmode(0,0); /* SET I/O MODE; FBUF 0 */
sum=search(&dx, &dy); .
*mx= dx;

*my= dy,

printf{"Strike the space bar to analyze\n");
printf{"the remaining energies\n");
} ' | .
opmode(0,0), /* SET /O MODE; FBUF 0 */
}

search() */
THIS FUNCTION SEARCHES FOR THE PIXEL WITH THE LARGEST

INTENSITY */

int search(int *dx, int *dy)

{

float bgd; :
int countl, count2, dx0, dy0, dxmax, dymax imax, intensity;
intx,y, xdlf ydif;

dx0=*dx - BOUND; . /* */
dy0O=*dy - BOUND; /* INITIALIZE VARIABLES *
imax=pixr(*dx, *dy); /* : ' */

dxmax=*dx; /* */
dymax=*dy; /* - : */
x=*dx; : ‘
y=*dy,

MOVE CIRCLE CENTER TO DXMAX, DYMAX */

opmode(1,1);
xdif= dxmax - x;
ydif= dymax -y; -

- circle(10);

/*

rmove(xdif, ydif);
circle(10);
opmode(0,0);

FIND TOTAL SPOT INTENSITY MINUS BACKGROUND INTENSITY */
bgd=backgd(dxmax, dymax);

intensity=inten(dxmax, dymax, bgd);
pnntf("x—%d\t\ty—%d\t\tmtenslty—%d\t\tbgd=%d\n\n" dxmax, dymax, 1ntenslty, bgd);
return (intensity);
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/* backgd() */ -
/* THIS FUCTION CALCULATES THE AVERAGE BACKGROUND */
float backgd(int dx,int dy) ’

float bkgd;
int bgd,bound,count3,countd, dec1mal flag iix iy;
bkgd=0;
bound=BACKGDBOUND*2+1;
for(i=0;i<bound;i++){ :
1x=dx-BACKGDBOUND;
iy=dy-BACKGDBOUND+i;
bkgd+=pixr(ix,iy);
ix=dx+BACKGDBOUND,;
bkgd+=pixr(ix,iy);
iy=dy-BACKGDBOUND;
ix=dx-BACKGDBOUND+;
bkgd+=pixr(ix,iy);
iy=dy+BACKGDBOUND;
 bkgd+=pixr(ix,iy);
} v
bkgd/=64;
printf{"\t\tbackground=%.3f\n",bkgd);
return(bkgd);
y
/* inten() */
/* DETERMINES THE TOTAL INTENSITY MINUS THE BACKGROUND
INTENSITY OF A SPOT */
int inten(int dx, int dy, float bkgd)
{ o
int count3,count4,count5,count6,count?,decimal;
int bound,i, j, ix, iy, finalsum, ﬂag,summt
ﬂoat mtensxty, sum,; _ _ .

'sum—O
bound—INTENSITY BOUNDS*2+1
for(i=0;i<bound;i++){
for(3=0;j<bound;j++){
 ix=dx+-INTENSITY_BOUNDS,;
iy=dy+j-INTENSITY_BOUNDS;
intensity=pixr(ix,iy)-bkgd;
* sum+=intensity;
3
}

sumint=sum;
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' printf{"intensity=%d\n" ,sumint);
return(sumint); »

}

Data Analysis Program which uses automated tracking based on finding the first
moment of the intensity of a spot

/* mtestxbar.c */

/* This program tracks the diffraction spots by positioning the mtegratlon wmdow */

. /* about the x, y coordinate for which the first moment of 2-D intensity is a minimum */

#include <stdio.h>
#include <stdlib.h>
#include <im2to3.h>
#include <math.h>

#define BOUND 8

#define BACKGDBOUND 8

#define INTENSITY_BOUNDS 8

#define CMLIM 5

#define SEARCH_LIMIT 2

#define RADIUS 8 /* radius of cursor */

int identify(int *, int *, int *);
int search(int *, int *, int *);
void firstmoment(int *,int *);

main()

{ |
unsigned char ovr[15],transpal[256];
char base[8],filename[12],outfile[12];
int i,j,numimage, key1,sum,dx,dy;

- int energy,final,inc,ini,start, tracking;

‘FILE *fptr;

for(i=0;i<15;i++){
ovr[i]=200;

}

for(i=0;i<256;i++){
transpa][i]=i'
3}

init(0xd000, Ox300)

video(1,1);
olutlay(0,ovr,ovr,ovr,transpal,transpal, transpal)
outpath(0,-1,1,2);

clear(1,0);
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printf{"Enter initial energy (¢V)\n"),

scanf{"%d",&ini);

printf{"Enter final energy (eV)\n");

scanf{"%d",&final);

printf{"Enter energy increment (eV)\n");
scanf{"%d",&inc); . :

printf{("Enter base of file name\n");

scanf{"%s",base);

printf{"Hit escape to exit. Hit any other key to continue\n");

whlle((keyl—getch()) 1=27){ /% Mesc" ¥/
printf{"The Background bound/Integration bound -%d/%d\n" BACKGDBOUND
INTENSITY_BOUNDS);

printf{"Enter output file name\n\t")
scanf{"%s",outfile);
fptr=fopen(outfile,"w");
printf{"Do you want (1)automated or (2)manual tracking?\n"),
scanf{"%d", &trackmg)
start=0;
for (energy=ini; energy<=final; energy+—mc){

if (keyl == 113){

break;
}

if (energy==ini){
dx=246;
dy=250;
}
sprintf{filename,"%s.%d" base,energy);
printf{"%s\n",filename),

opmode(0,0); /* SET I/O MODE FBUF 0 */
fromdisk(filename);

opmode(2,0), /* SET PROCEESSING MODE */

clear(1,0), - /* CLEAR FBUF 1, OVERLAY BUF, TO 0 */
‘opmode(1,1), /* SET GRAPHICS MODE; FBUF 1 */
drawmode(1); '

if{start==0 || tracking==2){
identify(&dx, &dy, &tracking); /* INTERACTIVE MODE; USER CONTROL
OF VIDEO CURSOR */
}
if (start==1 & & tracking=1){ .
move(dx,dy);
circle(RADIUS);
}

start=1;
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sum=search(&adx, &dy, &tracking); /* CALCULATE INTENSITY OF SPOT */
printf{"energy=%d\tintensity=%d\n", energy,sum);
fprintf{fptr,"%d\t%d\n", energy, sum); '

3
putch(7); /* BEEPS TO SIGNAL END OF SINGLE SPOT ANALYSIS */

printf{"Hit escape to exit. Hit any other key to continue.\n");
i
fclose(fptr);
}
{

/* 1dent1fy() */
/* THIS FUNCTION ALLOWS THE USER TO POSITION THE CURSOR */

/* ABOUT THE SPOT */

int identify(int *mx, int *my, int *tracking)
(. _
int dx, dy, key, key2, sum track;
dx=*mx;
dy=*my;
track=*tracking;
move(dx,dy); /* MOVE CENTER OF VIDEO CURSOR TO PIXEL COORD' S*/
circle(RADIUS); :
while((key=getch()) != 32){ /* "space bar" */
if (key == 113){ /* IF "q" IS HIT */
break; /* THEN EXIT TO OPERATING SYSTEM */

3
opmode(1,1);
printf{("Hit enter to center the cursor on the spot center\n“)
iflkey==0){
key2=getch();
iflkey2==83){ /* DEL KEY */
circle(RADIUS),
rmove(-10,0);
circle(RADIUS);
dx=dx-10; /* MOVE CURSOR 10 PIXELS TO LEFT */
} ‘
iflkey2=72){ /* UP ARROW KEY*/
- circle(RADIUS);
rmove(0,-1);
circle(RADIUS); v
dy=dy-1; /* MOVE CURSOR 1 PIXEL UP */
} |
iflkey2=71){ - /*HOMEKEY */

circle(RADIUS);
rmove(0,-10);
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circle(RADIUS); _ ’ _
dy=dy-10; /* MOVE CURSOR UP 10 PIXELS */

}
ifltkey2==75){ /* LEFT ARROW KEY */
circle(RADIUS);
rmove(-1,0);
circle(RADIUS); o '
dx=dx-1; /* MOVE CURSOR 1 PIXEL TO LEFT */
} ' |
ifikey2==77){ /* RIGHT ARROW KEY */
circle(RADIUS);
rmove(1,0); ' _ :
circle(RADIUS); » ‘
~dx=dx+1; . /*MOVE CURSOR 1 PIXEL TO RIGHT */
3} _
ifltkey2=—=81){ /* PAGE DOWN KEY */
circle(RADIUS), ‘
rmove(10,0);
circle(RADIUS);
dx=dx+10; /* MOVES CURSOR 10 PIXELS TO RIGHT */
} ‘ | | o
iftkey2=80){ /* DOWN ARROW KEY */
circle(RADIUS);
rmove(0,1); :
circle(RADIUS); ‘ :
dy=dy+1; /* MOVE CURSOR 1 PIXEL DOWN */
3 -
iflkey2==79){ /* END KEY */
circle(RADIUS);
rmove(0,10);
circle(RADIUS); _ ' _
dy=dy+10; /* MOVES CURSOR 10 PIXELS DOWN */
) :

} .
- ifilkey=13){ /* <enter> */
printf{"x=%d\t\ty=%d\n", dx, dy);

opmode(0,0); /* SET I/O MODE; FBUF 0 */
sum=search(&dx, &dy, &track);

*mx= dx;

*my= dy;

printf{"Strike the space bar to analyze\n");
printf{"the remaining energies\n");
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/* searchO '/
/* THIS FUNCTION SEARCHES FOR THE PIXEL WITH THE LARGEST
INTENSITY */

int search(int *dx, int *dy, int *tracking)
{ | "
- int bgd;

int countl, count2, dx0, dy0, dxmax, dymax, intensity;
int cursor_set, X, y, xdif, ydif,

dx0=*dx - BOUND; /* */
dy0=*dy - BOUND; Y INITIALIZE VARIABLES */
dxmax="*dx; /* : M
dymax=*dy, * , . ¥
x=*dx; : ‘

y="dy, |

if (*tracking=2){

printf{"Do you want (1)automated or (2)manual cursor set?\n"),
scanf{"%d", &cursor_set);
} : -
if (*tracking=1 || cursor_set==1){
" opmode(0,0); /* SET I/O MODE; FBUF 0 */
firstmoment(&dxmax, &dymax); /* activated 4/9/91 */
}

printf{"xmax=%d\tymax=%d\n", dxmax, dymax);
/* MOVE CIRCLE CENTER TO DXMAX, DYMAX */

*dx=dxmax;

*dy=dymax;

opmode(1,1);

xdif= dxmax - x;

ydif= dymax - y;

circle(RADIUS);

rmove(xdif, ydif),

circle(RADIUS);

.opmode(0,0),
/* FIND TOTAL SPOT INTENSITY MINUS BACKGROUND INTENSITY *
bgd=backgd(dxmax, dymax);
intensity=inten(dxmax, dymax, bgd);
pnntf("x—%d\t\ty—%d\t\tmtensny-%d\t\tbgd—%d\n\n" dxmax, dymax, intensity, bgd)
return (intensity),

3

/* firstmoment() */
/* THIS FUNCTION FINDS THE PIXEL WITH THE SMALLEST FIRST MOMENT?*/

/* IN THE INTENSITY*/
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void firstmoment(int *dx, int *dy)
{
float Ixbar,Iybar,deltalxbar, deltalybar,sumintensity;
float mindeltalcm,deltalcm;
int xtemp,ytemp,xnun,ynun,xold,yold 1,j,k,1,lim, limit; mten51ty, .Y
long int Ix, Iy;
lim=CMLIM*2+1,
xold=*dx;
yold=*dy;
'rmndeltaIcm—IOOOO
xmin=0;
ymin=0;
Ix=0;
Iy=0;
prmtf("xold"%d\tyold-%d\n\n" xold,yold);
limit=SEARCH_LIMIT*2+1,
for(k=0;k<limit;k++){
xtemp=*dx+k-SEARCH_LIMIT;
for(1=0;I<limit;++){
ytemp=*dy+l-SEARCH_LIMIT,

Ix=0;

Iy=0;

/* CALCULATE Ix */
intensity=0;

sumintensity=0;

~ for(i=0;i<lim;i++){

x=xtemp+i-CMLIM,;

for(j=0;j<lim;j++){
y=ytemp+j-CMLIM,
intensity=pixr(x,y);
Ix+=( (long int)intensity*x);
sumintensity+=intensity;

}

}

Ixbar=(float)(Ix/sumintensity);

/* CALCULATE Iy */
intensity=0;

for(i=0;i<lim;i++){

y=ytemp+i-CMLIM,;

- for(j=0;j<lim;j++){
x=xtemp+j-CMLIM;
intensity=pixr(x,y);
Iy+=((long int)intensity*y);
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}
Iybar=(float)(Iy/sumintensity);
deltalxbar=Ixbar-xtemp; /* calculate difference between center of */
deltalybar=Iybar-ytemp; /* mass and window center */.
deltalcm=sqrt((double)(pow(deltalxbar,2)+pow(deltalybar,2))),
if{(k==0) && (I==0)){

mindeltalcm=deltalcm;
} .

if{deltalcm < mindeltalcm){
-mindeltalcm=deltalcm,;
. Xmin=Xxtemp;
ymin=ytemp;
}
}
}
if{(xmin==0) && (ymin==0)){
xmin=xold,
_ ymin=yold,;
}
*dx=xmin;
*dy=ymin;
}

/* backgd() */
/* THIS FUCTION CALCULATES THE AVERAGE BACKGROUND */
int backgd(int dx,int dy)
{
int ave,bkgd,bkgdcount,bound,i 1max,ltemp,1,k Xtemp,ytemp;
int count[256];
char bkgdfile[12];

for(i=0;i<256;i++){
count[i]=0;
3

imax=0;

bkgdcount=0;

ave=0;

bound=BACKGDBOUND*2+1;

/* TOP STRIP */

for(j=0;j<bound;j++){
xtemp=dx-BACKGDBOUND+j,
ytemp=dy-BACKGDBOUND;
itemp= pixr(xtemp,ytemp);
count[itemp]++;
if{count[itemp]>count[imax]){

211



imax=itemp; -
3
bkgdcount-+=itemp;
}

/* BOTTOM STRIP */
for(j=0;j<bound;j++){ -
xtemp=dx-BACKGDBOUND+j;
ytemp=dy+BACKGDBOUND;
itemp=pixr(xtemp,ytemp);
count[itemp]++;
if{(count[itemp]>count[imax]){
imax=itemp;
}

bkgdcount+=itemp;

} o

/* LEFT STRIP */
for(k=1;k<(bound-1);k++){
xtemp=dx-BACKGDBOUND;

* ytemp=dy-BACKGDBOUND-+k;
itemp=pixr(xtemp,ytemp);
count[itemp]++;
1f(count[1temp]>count[1max]){

imax=itemp;
}

bkgdcount+=itemp;
}
/* RIGHT STRIP */
for(k=1;k<(bound-1);k++){
xtemp=dx+BACKGDBOUND;
ytemp=dy-BACKGDBOUND+k;
itemp=pixr(xtemp,ytemp);

count[itemp]++;
if{count[itemp]>count[imax]){
imax=itemp;
}
~ bkgdcount+=itemp;
.
bkgd=imax;

ave—((ﬂoat)bkgdcount/(((BACKGDBOUND*2)+1)*4-4)+ 5);
printf{"\t\tbackground=%d which occurred %d times\n",bkgd,count[imax});
printf{"\t\taverage, bkgd'-%d\n" ave); ’

return(ave);,

3
/* inten() */
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/* DETERMINES THE TOTAL INTENSITY MINUS THE BACKGROUND
INTENSITY OF A SPOT */
int inten(int dx, int dy, int bkgd)
{ ' :
int count3,count4,count5,count6,count7,decimal;
int bound,, j, ix, iy, finalsum, flag;
int intensity,sum,;

sum=0;
bound=INTENSITY_BOUNDS*2+1;
for(i=0;i<bound;i++){ -
for(j=0;j<bound;j++){
ix=dx+i-INTENSITY_ BOUNDS;
iy=dy+j-INTENSITY_BOUNDS;
intensity=pixr(ix,iy)-bkgd;
sum+=intensity;
}
}
printf{"intensity=%d\n",sum);
return(sum);

Interpolati.on Program . ‘ /

/* interpol.c _ *
* ' */
/* this program reads an input file which hsts energles and ¥/
/* beam currents */
/* */
/* eg. (eV)(pA) thisline does not appear in the file */
/* 40 0.5 | */
I* 50 0.6 | */
/* . 60 0.7 ' : */
/* . . ' : : */
Y . | : */
/* B : : *.
/* ' ' */

/* and interpolates in 2 eV increments. The interpolated list */
/* is written to a file which the user names. As the program */
/* stands it is used for interpolating a beam current calibration ~ */
/* but may be modified slightly for other purposes. */

#define LIMIT 200  /* max numbér of elements in arrays */
#define INCREMENT 2 /* interpolation increment */
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#include <stdio.h>
#include <stdlib.h>

FILE *fptr;

char filename[15];

int i flag j,count,n;

int y[LIMIT],energy[LIMIT];

float m,current[LIMIT],x{LIMIT], z[LIMIT]

main() v >
{
printf{"Enter the file name to be read\n\t");
scanf{"%s", filename);
~ count=0;
fptr=fopen(filename,"r");
while(fscanf(fptr,"%d %f", &energy[count] &current[count]) != EOF){
printf{"energy= %d\tcurrent= %.2f\n",energy[count],current[count]);
count+=1;
}
. printf{("count = %d\n",count),
fclose(fptr);
printf{"Enter name of output ﬁle\n\t")
scanf{"%s", filename);
fptr=fopen(filename,"w");
z[0]=current[0];
fprintf{fptr,"%d\t%.3f\n", energy[0], z[0]);"
i=1; ‘ '
printf{"%d\t%.3f\n", energy[0], current[0]);
for(7=0;j<(count-1);j++){ ’
m-(current[1+l]-current[y])/(energy[;ﬂ]-energyD])
n=1;
ﬂag=0
whnle(ﬂag I=1){
printf{("energy[%d]= %d\t", i, (energy[0]+INCREMENT*1))
z[i]=current[j][+INCREMENT*m*n;
fprintf{(fptr,"%d\t%.3f\n", (energy[O]+INCREMENT*1) z[i]);
printf{"m= %.3f\tcurrent = %.3f\n", m,z[i]);
if{z[i] >= current[j+1]){
- flag=1;
}
i+=1;

>

- =1,
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]

fclose(fptr);
} .

IV Curve Normalization Program

/* ivnorm.c */ _
/* this program uses an input file with a list of files */

- /* corresponding to each indidual beam to be normalized */

#include <stdio.h>
#include <process.h>

#define LIM 200

FILE *fptr, *fptr2;
char filename[15],filename2[15],filename3[15],key,newfile[15];

int count,dummy,i,index,j,lastinit,maxcount;
int erg[50],energy[100],intensity[100], nomnnten[lOO]
float current[LIM], h, k; _

main()
{
printf{"Enter name of beam current file (include extension): ");
scanf{ "%s", filename2),
printf{"Enter name of beam list file (include extension): ")
scanf("%s", filename3);
fptr2 = fopen( filename3, "r"),
lastinit = 1000; ' _
while( fscanf (fptr2, "%s %f %f", filename, &h, &k) != EOF X
if((fptr= fopen(filename,"r")) == NULL ){
printf{"Can't open file %s\n", filename),
exit();
}
pnntt("ﬁlename is %os (%f %f)\n", ﬁlename h, k);
count=0;
while(fscanf{fptr,"%d %d", &energy[count], &intensity[count]) != EOF 1
count+=1;
}

fclose(fptr);

printf{"count=%d\n", count) '
/* if the energy range for the current beam is different from the previous */
/* beam then read in the new energy range */
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if{’ (energy[0] < lastinit) || (maxcount != count) ){
fptr‘fopen(ﬁlenameZ "r");
i=0;
fscanf{fptr,"%d %f", &erg[l] &current][i]);
while( erg[i] I= energy[O]){ :
1-H-
fscanf{fptr, "%d %f", &erg[i], &current[i]);
}
current[0]= current[i];
prmtf("energy—“/od\tcurrent[%d]—"/o 3f\n" energy[O] 0, current[O]),
=1,
whnle( j < count){
fscanf{fptr,"%d %f", &dummy, &current[j]); .
prmtf("energy—°/od\tcurrent[%d]“% 3f\in", dummy, j, current[j]);
J++
} /
fclose(fptr);
} .
sprintf{newfile,"i%s", filename);
printf{"newfile is %s\n",newfile);
fptr= fopen(newfile,"w"); :
for(i=0;i<count;i++){ - \
norminten(i]=(intensity[i}/current[i]);
printf{"energy = %d\tintenstity = %d\tnormalized intensity = %d\n",
energy[i],intensity[i],norminten[i]);
fprintf{fptr,"%d\t%d\n" energy[i],norminten(i]);
} _

printf{("count = %d\n", count);
fclose(fptr); :
lastinit = energy[0];

maxcount = count;

}
fclose(fptr2);

}

Program which generates LEED experimental files

/* complle c*

/* This program accepts an mput file containing the ﬁle names and */

/* (h,k) indices for each beam. */
/* Last modified 2/18/92 AUTHOR: David Jentz */

#include <stdio.h>
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- #include <math.h>
#include <process.h>

#define INCREMENT 2

FILE *fptr, *fptr2;

double change_line, int_part;

char string[80], key, filename[15], masterfile[20];

float factor, fenergy, fintensity, h, k;

int beam number countl, count2, i, energy[100], mtensnty[lOO] selection;

mam(){
factor=1;
printf{"Enter the master filename\n"); '
gets(masterfile);
printf("Enter one line of strings up to 80 characters\n");
printf{"Example:p(2x2)S Re(0001); T=300K; normal 1nc1dence\n")
gets(string);
fptr2= fopen("beamlist.fil", "r");
fscanf{fptr2, "%d", &beam_number),
fptr=fopen(masterfile,"w"); -
fputs(string, fptr);
count1=0; | '
while(fscanf{fptr2, "%d %s %f %f", &beam_number, filename, &h, &k) !=EOF){
countl+=1; -
}

fprintf{fptr,"\n%3d", countl);
fclose(fptr);
fclose(fptr2);
fpt=fopen(masterfile, "a");
fptr2=fopen(“"beamlist.fil", "r");
~ count1=0;
whlle(fscanf(fptrZ "%d %s %f %f", &beam_number, filename, &h, &k) !'= EOF){
change_line= modf{(double)((float)count1/25.0), &int_part);
if{(change_line < 0.04)
fprintf{fptr, "\n");
- fprintf{fptr, "%3d", beam number);
countl+=1;
}

fprintf{fptr, "\n(1F10.1,1F10.1)\n"),

fclose(fptr); :

fclose(fptr2);

fptr2=fopen("beamlist.fil", "r");

while( fscanf{fptr2, "%d %s %f %f", &beam_number, filename, &h, &k) = EQOF){
if{(fpt=fopen(filename, "r")) == NULL){

217



pnntf("Can’t open ﬁle %s\n“ filename);
exit();
} .
printf{"\nreading file %s\n", filename);
printf{"h=%.4f\tk=%. f\n" h, k)
count1=0;
while(fscanf{fptr,"%d %d", &energy[count1], &intensity[count1]) != EOF){
if{(count1>0)
if(energy[count1] - energy[countl 1] I= INCREMENT) {
printf{"energy=%d is missing from ﬁle %s\n", (energy[countl-1] +
INCREMENT), ﬁlename),'
prmtf("Hlt any key to continue or 'q' to qu1t\n") :
if{(selection = getch()) ==113) /*if'q is hit exit program */
, ex1t() '
}
~countl+=1;
}
fclose(fptr); :
printf{"writing to %s\n", masterfile);
fptr=fopen(masterfile,"a");
fprintf{fptr,"%8.3f%8.3f\n",h,k);
printf{"h=%8.3tk=%8.3f\n",h,k);
fprintf{fptr,"%3d%13.4e\n",count1 factor)
for(i=0;i<count1;i++){
fenergy = energy[il;

fintensity = intensityf[i]; o
fprintf{fptr,"%10.1£%610.1f\n", fenergy, ﬁntensxty)
}
~ fclose(fptr);
} |
fclose(fptr2);
}
IV Curve Avberaging Progam
/* ivave.c */ v
/* this program uses an input file which contains a list of ﬁles ¥
/* which corresponds to each individual beam which is to be averaged */

/* last modified 2/18/92 , AUTHOR: David Jentz */

#include <stdio.h>
#include <math.h>
#include <process.h>
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#define INCREMENT 2

~ char base[5], filenamel[15], ﬁlename2[15] filename3[15], ﬁlename4[15]
int beamcount, beamnum, Energy_points, i, j, 1, Iavemm minerg;

int maxerg, maxcount;

int count[200], energy[200], Isum[200], Iave[200], oﬁ'set

int erg[10][200], 1ntensxty[10][200]
floath k, r;

FILE *fptrl, *fptr2, *fptr3, *fptr4;

main(){
printf{"Enter name of beam list file (include extension): ");
scanf("%s", filenamel); '
printf{"Enter value to offset intensities (enter 0 if no offset is desn‘ed) ")
scanf{"%d", &offset);
- printf("Enter base of output file: "),
scanf{"%s", base); -
fptrl = fopen( filenamel, " ")
i+=0;
minerg=1000; .
/* READ INDIVIDUAL BEAMS TO BE AVERAGED */
while( fscanf (fptrl, "%s %f %f", filename2, &h, &k) !=EOF ){
if{(fptr2= fopen(filename2,"r")) = NULL ){
r= (float)((double)pow(h,2) + (double)pow(k,2));
printf{"filename is %s (%f %f) =%f\n", filename2, h, k, r),
=0;
while(fscanf{fptr2,"%d %d", &ergl[i][j], &intensity[i][j]) = EOF ){
/* check if there are any missing energies */
if7>0){
if{(erg[i][j] - erglil(j-1]) != INCREMENT) :
pnntf("energy— %d is missing from data file %s\n", (erg[i]j-1] +
INCREMENT) ﬁlenameZ),
\ .
pnntf("energy— %d\tintensity= %d\n", erg[i][j], mtensny[l] D])
J=L
}
printf{"%d intensities in data file %s\n", j, ﬁlename2)
if{minerg>erg[i][0])
minerg=erg[i][0};
if{(maxcount< j)
maxcount=j; - o '
} . ’ o B
else ' ' .
printf{"Can't open file %s\n", filename2),
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fclose(fptr2);,
i+=1;
}
fclose(fptrl); /* close beam list file */
beamnum=i;
/* check if there are at least 2 beams to average and if not exit program */
iftbeamnum<2){ '
printf{"Not enough beams to analyze\n");
exit();
3 :
maxerg= minerg + (maxcount-1)*INCREMENT;
printf{"minimum energy = %d\tmax1mum energy = %d\n", minerg, maxerg);
if(h<0) :
h=0-h;
if{k<0)
k=0-k;
h*=4;
k*=4;
/* AVERAGE BEAMS */
/* initialize counters */
for(i=0;i<beamnum;i++)
count[i]=0;
_ printf{"number of beams is %d\n", beamnum);
Energy_points= l+(ﬂoat)(maxerg-minerg)/(ﬂoat)INCREMENT;
printf{"number of energy points is %d\n", Energy _points);
Iavemin=0; /*initialize minimum mten51ty value */
/* loop over energies */
for(I=0;I<Energy __pomts H+){
Isum([i]}=0; /* initialize sum of'i mtensmes */
energy[l]=minerg + *"INCREMENT;
/* loop over beams */
beamcount=0;
for(i=0;i<beamnum;i++){
j=count[i];
ifferg[i][j] == energy[1]){
- Isum[l}+=intensity[i][j];
count[i]+=1;
beamcount+=1;
}
}
Iave[l]=(float)Isum(1}/(float)(beamcount);
if{Tave[l]<Iavemin)
Iavemin=Iave[l];

}

printf{"Iavemin= %d\n", Iavemin);,
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-

/* WRITE BEAM ENERGIES AND AVERAGED INTENSITIES TO OUTPUT FILE*/

}

sprintf{filename3,"a%s%x%x.dat", base, (int)h, (int)k);
printf{"filename is %s\n", filename3); ' .
fptr3=fopen(filename3,"w"),
sprintf{filename4,"z%s%x%x.dat", base, (int)h, (int)k);
printf{"filename is %s\n", filename4);
fptrd=fopen(filename4,"w");
for(I=0;1<Energy_points;l++){ v _
iflTavemin<0){ /* offset negative intensities */
Iave[l]-=Iavemin;
fprintf{fptr3,"%d %d\n", energy[l], (Iave[l]+=offset));
fprintf{fptr4,"%d %d\n", energy[l], (Iave[l]-=offset));
}
else{ /* don't offset intensities */
fprintf(fptr3,"%d %d\n", energy[l], (Iave[l]+=offset));
fprintf(fptr4,"%d %d\n", energy[l], Iave[l]-=offset);
} .
}
fclose(fptrd);
fclose(fptr3);

221
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